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IGNITION, COMBUSTION, DETONATION AND
HEAT ADDITION TO ESTABLISHED FLOWS

These different phases of this research effort have
been investigated and partially completed during this re-
porting period from the first of April 1979 through the
30 of april 1981.

I. TRANSITION FROM DEFLAGRATION TO DETONATION

A. INTRODUCTION

Because of difficulties encountered with the availa-
ble instrumentation in the experiments at very low ini-
tial temperature, measurements were first made at room
temperature (approximately 300 K) and calculations were
made of the energy transfer to the detonated gas for
various H2-02~Third Gas mixtures. In the meantime, the
low temperature equipment has been improved so that these
experiments can be continued.

P




Detonation of gas mixtures containing Hydrogen,
Oxysen and either Carbon Dioxide, Nitrogen, He-
lium or Argon as a third component.

Experimental Results

Experiments have continu.-d in the investiga-
tion of the effect of ..iitial pressure on the
detonation induction distance of a combustible
gas mixture containins Hydrogen and Cxygen as
as the primary constituents. FPrevious experi-
ments have shown that =g initial pressure in-
creases, the detona*iun induction distance de-
creases. The res.its presented in this report
are in agreement with these earlier observations.
All experiments were performed while maintaining
ithe gas mixtures at room temperature (approxi-
mately 300 K) prior to ignition. Before pre-
sentation of the data, a description of the
apparatus and the experimental procedure is gi-
ven.

To measure the detonation induction distance
of these gas mixtures, a 6.4 meter long combus-
tion tube has been used as a vessel in which the
mixtures were ignited. Along the length of the
tube, a series of thirteen holes and adapters
serve as mounts for piezoelectric gquartz pressure
transducers. These Transducers are used to
measure the pressure of combustion both during
and after the formation of a detonation wave.

The before and after measurements refer to the
position in the tube at which they are taken.
Figure 1 shows the combustiion tube configuration.

The particular gas mixture under consideration
is allowed to flow into the combustion tube through
the ignitor which contains an orifice. The in-
ternal pressure within the tube is allowed to
rise to the desired level of either one, one half
or two atmospheres. When the desired pressure
is reached, the flow of the mixture is shut off
and the tube is sealed.

With all valves closed, the tube is at con-
stant volume and the gas mixture is ignited from
one end by passing a current through a piece of
thin wire which is held in place on the ignitor
and exposed to the gases. Ignition follows as a
flame front rushes down the length of the tube and
the process of the formation of a detonation wave
occurs if the conditions are suitable ( i.e. if
the tube is long enough to allow transition from
deflagration to detonation wave).
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Following combustion, the tubec is opencd
Lo the air via an exhaust line and the internal
pressure 1s equalized with the ambient. A new
ignitor is installed, and the tube is evacuated
using a vacuum pump. The evacuation process
removes water that has collected on the walls
of the tube due to the combustion process.
Following evacuation, the tube is filled once
again and the experiment is repeated.

Two pressure transducers are used each run
in conjunction with an oscilloscope. Data at
one of the thirteen positions is taken per run
even though two positions are used. TFor in-
stance, transducers at stations one and two
measure the wave pressure and velocity at station
two. The probe at station one serves as a trig-
gering device for the oscilloscope. By triggering
two light beams to travel across the oscilloscope
screen, a record of the passage of the detonation
(or deflagration) wave is made and is recorded
on a photograph.

The record takes the form of an abrupt jump
in the lower beam which corresponds to a pressure
input from the wave. The distance that the lower
beam travels across the photograpn corresponds to
a velocity.

In particular, the height of the jump in the
lower trace is directly measured from the pho-
tograph. The height is translated into a voltage
output which in turn is translated into a pressure
input. In a similar manner, the distance tra-
velled by the lower beam before the jump corres-
ponds to a time interval for the wave betwecn
transducers. This time is divided into the dis-
tance between the transducers and a velocity mea-
surement is obtained.

[ieasurements at the rest of the transducer po-
sitions provides both a pressure and velocity pro-
file throughout the combustion tube from which
the detonation induction distance can be deter-
mined. The detonation induction distance is the
distance from the ignitor to the point where the
deflagration wave transitions into a detonation wave
and is characterized by the high overshoot in both
the velocity and the pressure profiles.




Using the experimental apparatus and pro-
cedure outlined above, the following four com-
bustible gas mixtures were investigated:

1. %02 + Hy + %CO2

2. 502 + Hy, + N,

3. goz + H, + He
4, %02 + H2 + Ar

Tables 1 through 12 hold data for the velocities
(wl) and the pressures (p3) obtained as functions

of the distance from the ignitor. Figures 4
through 27 contain plots of these data from
which the characteristic peaks in pressure

and velocity can be seen. The detonation
induction distances obtained from these plots
are found in Table 34. Furthermore, Figures

2 and 3 contain sample photographs obtained from
the oscilloscope during four different runs

of the combustion tube for several different

gas mixtures.
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continued

2. Theoretical Analysis

Although at thls time there 1s no expression
which permits the calculation of detonation in-
duction distances of combustible gas mixtures, it
1s exnected that our experimental determinations
of induction distances together with thecretical
calculations of various detonation parameters of
selected systems will provide sufficient informa-
tion to develop an empirical relationship for this
important parameter. Since 1t appears that a high
initial density of the unburned gas shortens the
induction distance significantly, the induction
distances of various Hy + /2 O2 + third gas mix-
tures have been measured at various initial conditions
and the detonation parameters of these mlxtures
have been calculated for the so-called Chapman-
Jouguet detonation (w3 = wa,3 or M = 1) in order

3
to find out whether there is a relationship between

any of these parameters and the detonation induc-
tion distance,

Iterations have been used to make these calcu-
lations which are started with estimates of the tem-
perature, T3, and pbressure, p3, of the combustion gas
at the tail of the detonation wave. Subseriot 1 de-
notes initial conditions and subscript 2 refers to
the normal conditions before chemlcal changes have
taken place.

m

Fairly reasonable estimates of p3 and I3 can be
obtained from a consideration of heat addition to the




B. continued
2. continued

supersonlc flow of a calorically perfect gas. When q
Joules of heat are added to one kilogram of a moving

gas, the pressure ratlo across the resulting thermal
wave 1s,

-.-[ .
p V3 Z/(xfl)

The dimensionless heat release factor, q/cpTl, can be

expressed in terms of the combustion enthalpy of the
fuel and the dimensionless specific heat of the com-
bustion gas as follows,

¢ AHZ..8. 5]
= Tor
ol I, (52)

where' AHcomb,f‘ 1s the absolute value of the combustion
enthalpy of one mole of fuel at Tl’ the )ri o are the mole
b}
numbers of the constituents of the undissocliated combustion
4
gas, and ( Cp )1‘15 the average value of the dimensionless

specific heat’ of the specles 1 between Tl and T3. The cor-
rection factorég ¢;=Fl) is used to take dissociation
into consideratlon. A suitable value for‘ris of the order
of 1.3 or slightly less.

An estimate of the temperature 1s obtained from the
equation,

Huy=1 Ho,=1
1; flu I .Bl 3 (Vs £
3 D,




B. continued

2, continued

%) -k 1 e

5/ rTI Z/‘th
With these estimates, the composition (mole fractions'yi)
of the combustion gas is calculated by an iterative pro-
cedure (inner loor). Since the estimated pressure most
likely is not compatible with the estimated temperature,
the correct pressure for the temperature is calculated
next, also by an iterative procedure (middle loop).
Finally, the correct temperature is calculated also by
an iterative procedure from the conditions that w3 = wa’3
(outer loop). For each new pressure, there 1s a new com=-
position and for each new temperature both pressure and
composition have to be re-calculated. The following set
of equations glves a complete survey of this procedure
for a HZ + 1/2 0, + ‘)GOO CO, mas mixture.

0 Enter .1 into the memory register for ?,) and the

value of fo _2’y /178 into both memory registers

for f, and £52*° .
2 02
Starting with T§St(°) and p§St<°) we have,

EST(n+!) EST(m ) |
T e T, # xp (W= Wa,3) |

chine sz ~ 0.2
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B. continued

2. continued
The condition for the stable detonation wave (Chap-
man-Joursuet) 1s w,=w where W, is the equilibrium
3 "a,3 a,3

speed of sound which means that chemical changes occur
in the equilibrium combustion gas as the sound wave tra-

verses it. Therefore, the effective specific heat ratio,
¥ o
CG,eff

yﬂ (Tf)co I._H' [“ ] i%’:j,z
cG, fFF (’,%) (C [b‘eé]-'{_’.‘_

L‘”‘“' | [ ] a0
!%—?’ it [aq]" fav

has to be calculated:

The coefficients of the two square matrices in this expres-

sion are given by the following equations:

o ()

be ; = >, X2
¢
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B. continued

2. continued

and:
€) ()
ag: = beo°A)f 'AVJ
4 J
)

where £ and J refer to the chemlcal change and »/i
is the stoichiometric mole number of svecies 1 in
chemical change . Also, ce)

Ay'® =2 v
)" — ‘ rs
( va) on the right hand side of the equation are counted
positive and those on the left are negative) 1s the chanre

of mole numbers of chemical change X . With the following
order of five chemical changes occurring in the combustion

gas,

l. 1/2 0, ==2 O avi®) o q/0 R =3=(0)
2. 1/2 H, =% H avit) - 10 £ =1=(H)
3. 1/2 0, + 1/2 H, =5 OH A v (OH) 5 R =j=(OH)

Lk, 1/2 0, +C0 ==% CO, & v (€02 1,5 R =3=(co,)

5. 1/2 0, + Hy == H,0 A v B0y 0 R =y=(k,0)

I
Co
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B. continued
2. continued
{
Now,
25 .25 0 -.25 =.25
.25 .25 0 -.25 =-.25
E’Xﬂ [ 13} 0 0o 0 0 0
-.25 =25 0 .25 .25
-.25 -.25 0 .25 .25

The five elements of the row {&J andclmn{H‘”g
O e L

uo:%“ﬂ“‘)‘ 2.5«4_2«5‘?8’2 -,‘i[ﬂﬁ.g") HE)’IZ 1
(OH

Bl AR
(), a5y ]

“‘%4%%2:4(%%)3”« 025 _ (1)t
H ), m(r&‘f’)w}]

| 5?__.(”:”(% s ) 18736 [(m 3 %”:M

4 {U e a (5L ’"}]
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B, continued

2. continued

with the notation °'£J for the elements of the 1q}srse
of theExIJ] matrix , the multiplication of the(‘A J by

[;L‘-Y[ matrix leads to the following five elements of the

resulting row matrix,

) -4 hy _y (o) -1

53: AO %—”Q«l‘ 4'%'“,2' ““A%r' 'Q;; 4
() -4 (o) .
A '-T‘_ . of +%T ¢ Q‘f‘

0) _4

H (H) - (Oﬂ, -
54 ¢ A -é%?t"‘Ct;;,‘f ‘Qs2 ‘f -QAz3 +
Rz *”R? S

o (0) - CH) _ (oHy _,
;’ i 55: A = oa .a .
{ RT i3 “ﬁlj‘ 23 “’ I
T 34 T “3s

co, AH®) . (hy, o _
r 56: A = ﬁ%oa,.‘ ‘5!‘* %'QBQ 4
(€0:) 4 (H0) _ /
B .
; A oy (“,-, H‘Oﬁ’ |
s7:  aH20% ﬁﬂf-a,,- +%42’. + T ‘Qgy 4

(co&’ -l (H.,O/ -‘

RT W TR Ass
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B. continued
2. continued

Multiplication of this row matrix by the column matrix

AHD
gﬁg leads to,

(4) (ou 0, AH< ,,‘0 #:0)
- Ao B A BT qon 41 e 714

(J)
and multiplication by the column matrix iAx/
leads to:

(o) ,H:04 M%)
2= A% 4 v i At ‘“’+A"‘!Av‘°"’+A“’fAv YAy

Proceeding in a similar manner to evaluate the products

L“”“—f“”"’J'[ba’T"{ 4L 459}

and

(44 a5 [bg]"{ 2]

we obtailn,

©) o9y -1 (W) cu) ""’ (on -
© B%= (g -0y )'b" + T‘A bre (% - b3

+.

t“’al ¢co.a) ""’) (H:0) -1
4y ’ bl 5
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2-02-—Third Gas

Mixtures At Low Initial Temperatures

C. Measurements Of Flame Speeds Of H

For these experiments, a new nozzle type burner
has been constructed and tested. With this burner
very well defined flame cones can be obtalned even at
high Reynolds numbers. The rather wide burner tube
has a length of slightly more than 150 em. and can
be cooled by liquid nitrogen or other cryogenic coolants.
Photographs of some flames obtailned in preliminary ex-
neriments are shown in Figure 28. Since the conical
part of the burner was not cooled, ice was formed at
the tip of the burner and caused considerable distor-
tion of the flame.

To eliminate thls difficulty a shield through which
dry nitrogen 1s passed has been placed around the bur-
ner tip. One slde of the four sided 20 inch high shield
consists of plexiglass for observation and photographing
the flame.
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' D. DETONATION RESULTS AND CONCLUSIONS

In previous experimentsl, it was observed that the deto-

l nation induction distance of hydrogen-oxygen~third ras nix-
tures decreased as initial temperature decreased. In thc ex-
periments presented here, the same trend but & much smaller
effect was observed as the initial pressure of the fgas mix-

tures was l1lncreased.

For the gas mixtures used in this experiment as well
as several others that contained either greater or lesser
amounts of the third gas constituent, detonation parameters
were calculated for the stable Chapman-Jouguet detonation wave,

The results of these calculations are shown in Tables 13 to 32.

Plots of the ratio of p3/pl as a function of the initial tem-
perature, Tl’ are shown in Figures 30a to 30d. These plots
show that this ratio (which is directly proportional to the
relative energy transfer from the downstream burned rases to

the pases at the tall of the detonation wave) does not vary

significantly with initial pressure but does change appreciably

with initial temperature especially in the 100 °x range.

, By observing the tabulated values of Wy and ug it is clear
that these parameters decrease in value as the initial temperature
is increased and that this decrease consistently occurs for all

of the gas mixtures considered. The burned gas temperature, T

3’
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D. continued

shows the same trend for mixtures that do not contain ni-
trogen. However, in mixtures containing at least 30% nitrogen
(1/2 0, + H, + 1.88 N,) the temperature, T3s first decreases

and then increases as the initial temperature is increased.

Further experiments and analysis are required to deter-
mine the precise relationship between initial temperature
and detonation induction distance. It appears from these
experiments and calculations that the relationship between

initial density and the induction distance is not a simnle one.
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1I. EFFECT OF HEAT ADDITION ON THE PRRSSURFE PROFILY
OF AN ESTABLISHED SUBSONIC FLOW OF AIR

An analysls was made to investirate the effect of
heat addition without mass addition by usine an electric
arc heater which 1s available in our latoratory. lowever,
it was found that even at very low mach numbers the heat
generated by thils are heater 1s too small to produce no-
ticeable pressure changes in the flow field. Therefore,
a tube has been designed in which hydroren can be burned
in air. It 1s presently under construction. In the
meantime, a theoretical analysis of these experiments
has been started so that these data can be compared to
those obtained from the experiment. A previous analysis
does not include the effect of mass addition and chenmical

changes.
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Section III.
Performance Of A Supersonic Ramjet At Flight

Mach Numbers Ranging From 1 To 10

For ramjets flying at an altitude of 100000 feet (Tq=
233.1 K and p,= .01068 Atm.) and fueled either with 1i-
quid propane (CBHB + 50, +18.8 N2) or with liquid or
géseous hydrogen (H2 + .50, ¢+ 1.88 NZ) the specific thrust,

-
FY

the thrust specific fuel consumption, F the thermo-

s’ sfe’

dynamic efficiency.ﬁkh. the overall efficiency.4ﬂo. the dif-
fuser inlet and exit areas A and A respectively and the
nozzle exit area, Ae. were calculated for two different dif-
fuser configurations ( dS = 0 and normal shock wave at inlet)
and the subsonic and supersonic combustion modes. The complete
details of the procedures and calculations are given for the
diffuser in part A, for the combustion chamber in part B,

and for the nozzle exit in part C. The results are tabula-

ted and graphed in part D along with a general discussion

of the data.

A. The Diffucer

The calculation of the diffuser exit conditions ‘TBE-PSE'
Tpg» Ppg and uDE) are based on the following Conditions and
Assumptions:

1) The deceleration of the air entering the diffuser is
adiabatic.

2) Thermodynamic and Chemical equilibrium prevails everywhere

in the diffuser at all times.
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A. continued
3) The freestream conditions are known t Ty, P s Uog

4) Air consists of one mole of oxygen (fnﬂo = 31.9988
kg/kmol) and 3.76 moles of nitrogen (meq =228.013u
kg/kmol) such that‘ywair = 28.85067 kg/km;l.

5) The diffuser exit speed upp as well as the diffuser exit
Mach number, biee can be calculated only when the combustion
chanmber exit Mach number, Mc. is specified. However, the
stagnation conditions at the diffuser exit can be calculated
without the xnowledge of M- This interdependence between
Unp and U, exists only when it is assumed that the cross
sectional area of the combustion chamber, AL is constant.
Alzso, parallel fuel injection is assumed (i.e. A, = Ap + ADE)‘
Thus, there are two different procedures for calculating the
conditions at the exit of the combustion chamber; one when
only the stagnation conditions at the diffuser exit (qu = C
and u, or better yet Mc i¢ specified)are calculated and the
other when u or I

is specified. When u,, is specified, U

oI b s
must be calculated. When Upp ig specified, care must be taken
sucl: that values which lead to choking are not used. Uince it
is not possible to predict the exact range of these speeds it
is advantagcous to specify o+ Although this procedure is
very versatile because it permits the calculation of all sub-
sonic and supersonic combustion modes, at high freestream

speeds it may lead to impractical diffuser configurations

(requiring airflow acceleration) when high subsonic values

27




A. continued

5) continucd

of mc are specified in conjunction with diffusers having

normal shock waves at their inlets. All of these difficulties
can bc avoided easily by making calculations both for specified
values of uyn ( or MDE) where M, is then calculated, and for
specified values of MC where Ung must then be calculated.

6) Since the performance of a ramjet depends very much

on the efficiency of diffusion, it is necessary to know the
value of the diffuser efficiency. Although there are many
expressions in use to determine the efficiency of a diffuser, |
all of them are a measure of the fact that the actual dif-
fusion process is irreversible and therefore, causes an in-
crease in the entropy of the air. Unfortunately, neither
diffuser efficiencies nor the entropy increase occurring in
a diffuser can be calculated from the gasdynamic equations.

Liffuser efficiencies are thus determined from experiment.

For.a theoretical analysis of diffusers it is, therefore,
necessary to specify either the increase in entropy which
occurs as the airflow is decelerated or to zive the diffuser

efficiency which in this study will be written as,

(o]
Pop - P

/V( = 2
- )
pq =

D

Pg

where ng is the actual stagnation pressure at the diffuser
isentropic

exit and on is thgﬁstagnation pressure associated with the
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A. continued
¢) continued
freestream.

To demonstrate the effect ofVV(D on the performance of
a ramjet the calculations will be made for pBE = pz (M 57
1 and é%%— = 0) and for ng = 81 where pg is the isentropic
stagnation pressure behind the normal shock wave occurring at
the diffuser inlet. The procedure for these calculations can
be used without modifications to calculate the diffuser exit

conditions for specified values of/‘/lD or %

The equations relating the unknown temperatures and
pressures at the diffuser exit to the specified initial con-
ditions are : the continuity equation, the energy equation,
the equation of state, the entropy equation and the equations
for the chemical equilibrium constants.

The energy equation is written in the following form,

(-'E)Tﬁ.‘i; (k)™ (b Be l’f Uy
an

IR R‘r;‘"ﬁ..;.z —ZR
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A. coatinued T

H-E,
I'he reduced sensible enthalpies, \@T /» ©of the various spe-

>

cies, i, can be found in tables ( e.g. NBS, JANNAF, Wolf-
son and Dunn ARL (2-390 and AFOSR TR 3641, Nov. 1975 ) for
temperatures ranging {rom 100 to 6000 K. The absolute for-
mation enthalpies,(-gé;L at T = 0 K are constants which are
also listed in many the;modynamic tables.

The calculations of the diffuser exit conditions are
started with a zero estimate of the temperature which is
obtained from the energy equation written for a calorically

perfect gas,
- 3

Te =T+ Ir‘/z;” )

where [ = 3.5 when ugis low and l"' = 4.5 when u,is high
(k= 10) . When Mpp is specified, the speed upp is replaced

by the product of the speed of sound at the diffuser exit

Upe = "pe/aé; R&/M.;,'

Substitution leads to,

T;-sm): (T zrk..,)/(/+r !,b[)

When high speed flows ( > 6 ) are decelerated to subsonic

and the M

DE*

speeds, the high temperature of the decelerated air causes the

nitrogen and oxygen molecules to dissociate into atoms and
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A. continued

also to combine to form nitric oxide, NO. The composition
of the dissociated air depends on temperature and pressure
because these chemical changes are acco‘MFaM.a(Dy a charng.c
in the total mole number of the gays mixture. Therefore, a
y 1s also needed

DE
before the iterative calculations of the correct values can

zero order estimate of the pressure, p

be started. Such an estimate is obtained from the poly-

iropic relationship,

ESTco) £57(0) "
Poe = P (e | Ta)

where y§ may be slightly less than two for cases involving a
normal shock at the diffuser inlet and slightly larger than
four when high Mach numbers and isentropic diffusers are

considered. For the given conditions and the stated assump-
tions very accurate values of T and p,p ( or TBE and PSE)
are obtained Ly iterative calculations in which improved es-

timates are established by means of the following empiri-

cal equation,

ESitut!) _ ESTIn) he Y 1,7;’5 : s
7;: {'7_;)5 *"r[(}?fl;:(ﬁt’,;i'%ﬁuf]

The updating factor, XT , is of the order of three. Im-
proved estimates of the pressure are obtained by means of

the entropy according to the following relationship,

)1




A. continued

A
£5Ttnsl) s.sr(.. ) [( s '5 ), T 9%
he (%)

where xp is approximately 25 and

G - (R

when the diffusion process is assumed to be isentropic, and

&> @)

when the deceleration is irreversible. The magnitude of the

'1‘ D = T )
increase in entropy 4%5— = (7%7 q?gir - (Tir)air ) de-

-

pends on the design of the diffuser. In general it is im-

possible to calculate an accurate value of L}é . However,

for supersonic flows the increase in entropy can be calcu-
lated readily when it is assumed that the increase is caused
only by a normal shock wave at the diffuser inlet while any

subsequent speed changes in the diffuser are reversible.

For the ambient conditions prevailing at an altitude of

100000 feet ( Tg = 233.1 K and .01048 Atm. ) the isen

P =
tropic and normal shock stagnation temperatures and pressures,
the entropy increases across the normal shock wavg’and the
corresponding diffuser efficiencies are tabulated in Table
33, for flight Mach numbers, Nﬁ’ ranging from 1 to 10.

These calculations show that the efficiency of the diffuser

with a normal shock wave at the inlet decreases very stirong-




A. continued

ly with increasing flight Mach number, whereas the increase
in entropy even at Mw= 10 is only 24.47%. The table also
shows that chemical changes up to M« =6 are insignificant

¢
( TgE = Tg). However, at higher fligh{ Mach numbers TBE
becomes less than TQ and at Mo =10 the difference between

the two temperatures is no more than 400 K because of the en-
dothermic chemical changes which occur more readily at the
lower pressure resulting from the normal shock deceleration.
Enthalpy-entropy diagrams are shown in figures 29 a and b

for a diffuser with a shock-free inlet and for the case where
there is a normal shock wave at the inlet. Whereas for sub-
sonic flight speeds the calculation of the diffuser exit
conditions are simple because in this temperature range air
can be treated as a calorically perfect gas, for supersonic
flight speeds the calculations of temperature,pressure, for-
mation enthalpy and entropy becomes quite involved because
in these temperature ranges the specific heats of the gas
constituents are strongly dependent on temperature and
chemical changes occur. Depending on the flight Mach number
and the design of the diffuser the calculations of one, two
or all three of the following processes>may be needed for a
complete analysis of the airflow.

1) Diffuser with normal shock wave at the inlet

——— | S ————— V————  —— ——— o——

This process requires the calculation of T .pN .S and

( ) N Se which are the temperature,pressure and entropy
é e& air

behind the normal shock wave respectively. Even when a
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A. continued J

1) continued

supersonic diffuser is to be used so that no normal shock

wave occurs at the inlet, the knowledge of the entropy in-
1 N S -

crease (—R—)eq air - (Tﬁr)alr across the shock wave will

be of value because it may serve as a guide for the design .

of efficient supersonic diffusers.

2) General deceleration of an airflow

B

This process requires the calculation of TgE and ng

( or Tpg and pDE) for specified values of (7%7)28Eair

E . For instance, the case of truly isen-
. . . 3 DE

tropic diffusion, (—= )eq air

and upp ( or M

S @
= (—&_—)eq aip’ May be used as

a reference value or a number of cases with very small in-
T Ars

DE S \®
eq air = 072_’eq aip’ may be
analyzed to obtain a survey. The entrOpy increase across

creases in entropy, (757)

N b'
S \T%° L (S
a normal shock wave, (6& )eq air ( )eq aip® ©an be used a» @ weasUre

to specify the magnitude of the actual increase in entropy.

when subsonic diffusers with a normal shock wave at the inlex
~ T ~ miN.S
: DE 5 .

are used, (=) may be greater than (7ET)eq air

R

eq air

pressure, pDE'

Reasonable values of pSE can be established by using p%b

o N.S.

and Py , as a guide. The actual stagnation pressure may

be expressed in terms of a desired diffuser efficliency,
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a. continued

3) continued

ppe = oty (P2~ po )

As shown in [able 33 at Mach numbers below ¢, T8E= 'I‘(.l)N'“’
o . s iy ~0 N.C. -0
Too wherecas at high iiach numbers 7. L BN and

'1‘8:5 ".‘Om where the equal sign anbll'es only G truly isen-

tropic diffusion processeg.
N.S. - Q

mileS e Ve,

Lquations for calculating Iy » Py and u;

behind a normal shock wave at I o .

first, with ¥ = 1.4 when b oS 3,and ¥<1.4% for ie 2 3, the

.N.GS.
zero order values of Uy =

0 ;,‘,""fgw}:];'(‘z—‘fﬂ”;)’ .i&-ﬁl/ﬂ;
2

o~

.S, -
and p; ”° are calculated,

¢ R £ ¥+ oyl

(.gﬁ,éo . | = P(”{) = fi(‘q’()

vs fsmy )
» - X‘f l r‘f ’ .

f) <

[ @

-~

-C . . 3. . ‘-
is an approximate valuc of p‘.l ®* which will be

where p."
> LI:L
obtained ( see 1line 23 ) from a combination of the momentum

St-C

and continuity equations and Py ic an approximate value

of pI;'S' which will be obtained from a combination of the
equation ~f state and the gcontinuity equations ( see line 24 .
Now enter a zero order approximation for the mole fraction of
nitrogen, e.g."’(NZ = 0.7 and set the first value of fic.alc =

3.76,
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A. continued

3) continued

IS.
The approximate values of T?‘s' and p? are then im-

proved by means of the following empirical relation,

23 2: s 7;- "

N.s. EST(NH1) NS, EST(N)(P(M-C)ESTW)/ ($¢-C)EST(N) u
' £

where X is approximately 0.2 and,

. ,MS' EST(M+1) (M-C)EST(N) ((m-c)EsTIN) (st-CESTIN)

< =7 +xff2 -7

A

where xp is approximately 0.1 .

By repeating the iterative calculations which consist

of an inner loop (to iterate for the airflow composition)

and an outer loop (to iterate for the true value of TN'S')

i
until the difference between pgm'c) and p§St'C) is as small

as desired (e.g. until pgm'c) - p§St'C) is less than 10'8)

very accurate values will be obtained. The values of the ther-
modynamic functions at any temperature are obtained by linear
interpolation in the appropriate 100 degree temperature in-
terval. Defining the variable m,

NS, E

sT
b omz (T -TL)/;oo

where T; = (100°(integer part of (T?'S'/IOO))) we obtain
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A. continued

3) continued

#.5.EST,
51 “Z* 7‘;'1‘ /EXP(/0799/72 * J) = K”o

i

where a{% is the coefficient ( at T;) of the equilibrium

congtant for the equilibrium H, + L 0.Z===1i0 andl&ayt
1 +10Q) T ~ ‘

s s - aﬂé ( sec APOSR RFT 3641, Nov.1975 ).

Similarly,

¢ (ay+4q, o "T/I"”"" ExPATCESIT - K°
’ - (a:':."g:‘m)ms.esr/,??’f?ﬂ £XP(56 6/3/72"& t-'sr) _ K
8 Ugg = ”w/()’:“%E/}?Ln

The approximate value of the nitrogen mole fractioh.”(r '
‘2

is improved by an empirical equation which uses the speci-
fcalc
Np

fied fN (3.76) and the calculated value as folliows,

EST(ns1)

)
. g T (3.96) 5, ~&) %7

where ;:t is approximately .3. The calculebion of the wmole f"'-‘£’°’“

proceeds in the following manner,

(Kﬁa'/?;far + KO)/z = A
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A. Continued

3) continued

11: K‘{/;:f?-r. :?'”

12 {‘ﬁ(ﬁ- J -74/,, - 7‘,ﬁ

13: qu/}; = 70

1 K”",‘/g‘:.yz =?/
'?’
16: ?fvz 7#a+74’)/'z ?"‘(z

g, 1 (1, 1)

o= %

g 16 oo
1 * | N

Ao

J

A1,

20: /YMzTLoTL«rA ""91‘. J +z’[
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A. continued

3; continued
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A. continued

Equations for calculating conditions
0f Temperature, Pressure and Flowspeed Al
Diffuser exit produced by reversible and

irreversible decelerations

For these calculations the area ratio ADE/ A; and the
entropy increase (A s 2 0) must be known. However, it is rather
impractical to specify reasonable values of the area ratio.
Therefore, instead of this ratio the flow speed, upn, ( or
the corresponding diffuser exit liach number MDE) will be
specified where up. = 0 (MDE = 0) L$ included and used to
calculate the stagnation conditions ( TSE and ng) at the
diffuser exit.

First the stagnation enthalpy of the airflow is cal-

culated, ( equation 0 is good for T between 100 and 400 K )

(5 {3. 51, +fassafbrprasestr, )-i)376-335..¢ (”‘"‘”“/4")]/ k-

T 0.333(2.67905+3.76 ',2.‘{62) /4.75} [,
D

h TS he\ %o 2 h 2 1 T

o) f - GR - ()

Then tpe entropy of the freestream air is calculated accord,": X .

squabions o folocrny
IR IR LARELTY / M.
0

is the entropy coefficient of air obtained

O

w e C .
her s,air

from Figure 30.6511 ln41i )air = -.5140
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A. continued
Zero order estimates of lemperature and pressure are ob-
tained from the following equations qﬂ;cr oitherSuD,,

or"r- has beenspemfled; ( the superscriptgdenotes that

ralves
thcse are Spec;Lfled)

If Mpp 3¢ specified (SLV.DE>O)570 line 4, otherwise,

L S

EsT(o) Moo~ Upe o tine -
27 Reie % %o bine 3

3:1;5 ::—,:,4'

wherer‘is approximately 3.5 when ugls low and r‘is ap-

proximately 4.5 when uwis high ( 11eg# 10 )

EsT( N -} o2
. Tp: °) (T +§_IE:T%-.;;”/(I+ “Z"""ps)

N PDE‘T(O} (Txﬂw}/r)

The approzimate values of This and prp are then improved by
executing the following iterative calcvlationu,

TES76~+I} ESTion ) ox (32 [ ( .)Lf) e (catt.)

€s DE = D;

( h

L)

h
where X, is approximately 3 and ( le )eq air

o

when this loop is started.

73 M:( Eﬂ T)IIOO
wﬁm New 72‘ '00'(INTEGEK PART OF( //00))
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A. continued

EST
6. (af,,«,s‘.},.m)/ EXP(10199| e ) = K*°

Es‘r

. P::fro-.«)= ssro.) (R /{7’% A(R)f

where Xp ia approximately 25.

%%r is equal to zero for isentropic decelerations. When a

normal shock wave is present at the diffuser inlet but the
resulting subsonic flow in the diffuser can be considered

-~

to be isentropic, the entr0py increase (through the shock)
(-.))TQ

isn(Ab ) = ( ) -
® ‘'N.S. @_ eq air 02
Values of ( ) less than ( ) represent diffusers
02 N.S.

air °

with oblique shocks. For a diffuser employing a normal shock

wave at the inlet, (éég—) is actually slightly larger than

( JAQS)N.S. because the flow through the diffuser is not

reversible.

(a4 'm)/ér‘—” fo(zms/r“’)) K°
111 (Q‘Z"'AQ” ) (FEXP(566’3/765 )) K

ENTER 4 - ) . 0."] awd f,v =3.76

y ST 4 ET6). (37 [$7259% whe -
(K~ Ve +K)[2-A

12:
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A. continued
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cale
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s IF ABS(S, ~376)>10 . 6To LINE |2
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A. continued
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A. Continued

Calculation of Diffuser Exit Con-
ditions For a Specified Diffuser

Efficiencx

Whereas the preceding section provides the analysis
of the performance of a diffuser for specified entropies, in
practice it is usually more practical to specify the diffuser
efficiency in terms of the stagnation pressure recovery,

(f’boeniom)/(/f’a: -f)ov)

For a specified value of %o (based on design and flow Mach
number, Meo) the stagnation pressure at the diffuser exit can
be calculated as

toc * o * to (o = )
after w for@' : -("5')7” has been calculated.

When p:;l.s known and upe =0 the calculation of be is greatly
simplified. The procedure consists of the following steps,

0 ESTC0) U
0: BE = 7; +’z r,k‘t

o "ne o g Ta ﬂ‘(‘ﬂ&)
1: T, £t ')= T est )'f'X [‘b' “ (
v e Roler Ry

When starting the calculations, enter the value of (k)

g? Cat)

also into the computer's memory register assigned to( and
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A. Continued
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11:

Pt

12:

o

To,” (7ﬂ0+,zo)/2 = 70,,

13:

(7}

W.* (‘(A’o* ‘[,V)/—{ i ’ZJZ

calc

o lta = S
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m = (1}35 '72.)/100
whare T« IOO'(MITE'GER PART OF(‘[DE//m))
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vs: IF ABS[(‘%);D‘: '(%J‘?ijﬂo"‘} GoTo LWE AT
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Teo ThE (cal -
s3: |F ABS [(.’5%) _.(.I.'i) b () >0 %Grotwé,,z:r

7
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Since at flight Mach numbers less than six the tempmerature of

the starnated airflow practically does not denend on the dif-

fuser exit pressure the calculations for a specified 41 are
D

only needed when M« 1s rreater than six.
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B. The Combustion Chamber

as pointed out above, the procedure for the calculation
of the conditions at the exit of the combustion chamber dc-
pends on three parameters: 1) the area variation of the com-
bustion chamber (dA = 0 or dA>0); 2) the magnitude of uyo Or
bips and 3) the magnitude of u, or M.

Only constant area duct combustion chambers will be dis-
cussed here. In this case upp ( or MDE) and u, ( or M, )
cannot be specified independently. When uyn ( or MDE) is
specified, u, ( or Mc ) has a certain value which must be
calculated and vice versa. When u, ( or M ) is specified
Upp ( or Mpp } must be calculated.

In practice it is advantageous to specify Nc instead of
Wn ( or MDE) because this procedure avoids the difficul-
ties which arise when the selected value of Myp ( or uDE)
leads to choking. Therefore, this procedure will be discussed
first. The analysis makes use of the energy equation, en-
tropy equation, and the momentum equation. In the first

part of these calculations Tc and u, are calculated. Since

the composition of the combustion gas depends on temperature
and pressure, the iterative calculations must be started with

est(o) and a pest(o)
c .

both a T The estimate of the temperature
is somewhat difficult because at high flight Mach numbers the
high temperature of the decelerated air entering the combus-
tion chamber from the diffuser has a strong effect on the

temperature of the combustion gas. Furthermore, the appreciable

sS4

I
1
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sined

B. continued

speed changes which occur under certain conditions make a
comparison with the so-called adiabatic flame tcmperature
impossible. Eecause of these facts the following relatio..-

ship produces only a very rough estimmate of TC ,
Teo
EST o 'q?"—"' .
—rc (0) - ]“ + f'/Ah' ok, Sue 1[ ot /T‘:/( 1.4 R"“ )

An estimatc of the combustion chamber pressure, p,,» can
be obtained froum the wmomentum equation for a calorically

perfect gas according to which we can write,

EST(o) o g . -l g
/PC T P}E'(’*Yﬂpf)/ﬂlfdfﬂc)(}‘f”z‘ﬂpf):]
Since neitherar nor li, are Linown, they must be guessed.

Estimates ottained from the above relation may differ signifi-
cantly from the truve value of Pe- In general it can be stated
that p €Dy for subsonic combustion ( MDE‘<1 ) wherecas

P> by for supersonic combustion ( MDE?>1 ). lowever, in
all cases p, < pg < ng . Therefore, the following simple
equation may be useful for obtaining a zero order estinate

of the combustion chamber pressure,

EST(o) ° . X
’Pc - f_bf
where 0.6 % x < 0.9 . Whereas the correct values of 7T

¢
and u, can be calculated eacily from the energy equation, the

correct value of P which is obtained fron the condition that
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B. continued
Ao = App * Ap
’RT 101325
P -("*f) = f e
u,f /»D, s $s
only
Oobviously, can be calculateqﬂafter Tc’ U TDE' Uqp

and p.;. have been calculated. Tc and u, are obtained by

calculating 0 (ent) be \T. 2
Gtk - (R

where

(7{')“, [T 'R“’)m *Zf( ) ] / Mc‘s

and (—TL 2«(1 <—%1>T°

and comparing this calculated value of ( s ;T:c) with the gi-

ven value which is according to the energy equation,

CG (_&-) —“‘+§ (R puec JR}J /(Hf)

The procedure of these calculations consists of the fol-
lowing sequence of equations and involves 6 loops for the
iterative calculation of 1) the composition of the combustion
gas, 2) the combustion chamber T, and u,, 3) the composition
of the equilibrium air at the diffuser exit, 4) the pressure
at the diffuser exit, PpE* 5) the temperature at the diffuser
exit, Ty, and 6) the pressure in the combustion chamber Po-

A schematic of the looping procedure is shown in Figure 31.
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. conlinucd

Begin the iteration:

Nt (RS LD

where 0.6 xS0.9 ( 0.6 for large values of I, and G.C

‘DI
for small values of P:'.D.?) .

o T ] Bt | VBT [ (1 F R

Es7(o)

_ EST(o) .
3 ?« = 6.75‘foz/(/"’7.525'02))’ ?B = 0.

A 2

2 2 . .
where go,ﬁ.v;z/));& s Yhe rodic aﬁ KLW
oxygen QW W mm e W—ou}a. et ,
y, EST(n#1)  EsT(m) ( cale () ssm.))

Pc * ,PC 1 xf Fc /PC
where ‘;p is approximately .95 since the calcuiated .aiue of

P is much closer to the correct -value *than the estimate. 2c¢-

esi{ o)

fore th u ions 5 ted the 1 b
€ e calculations are started the value o | 8 must alsc

te entered into the memory rezister for pgalc.
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B. continued

) -,;EJT(nﬂ) o), [ (_%E)T (uz)]

where XT is approximately 3. Agaln. before the calculationsg

h
are started the value of ( — )Tc must also be entered
R £ ’I“c’ calc
in the memory register for the value of ( R )CG .

In addition the ratio of the global mole number of oxygen

to the global mole number of the
ain migdine
hydrogen in the fuel-’f })“0 /)’g must be entered also
2

cale
into the register for the value of focach 3.76 sl that of fl;/o

(=T ) [ 100 = me

where T = 100- ( integer part of (Tc/1oo))

co,

(ot T e ELIRFT
or (o0 e Bagor me )V p, EXPL- (WTR), [T JVTE = W7

oo (4 + Bars, - me) [EXP[(H5TR),, 7] = K

to: (a7 sl - me ) | EXPLOK TR )se /7.7 - K*

11=(a2'+Aa:7»n¢)vVT:/(/};‘ exP[CHIR), [T]) = K H

L
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3. continued
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To calculate TDE', Pp£, and Upg zero order estimates of Tbe’
and pPpg are needed. These estimates can be obtained from the
following equations

EsT(0) o ¥y ESTYR
i3: Tpe =71->£/(/+2‘ pe)”)

o P "_ﬁ
Poe = Por (TDE/TBE)r '

where § ~ /. 3and hps <« ’fc for subsonic combustion and ”95>’/¢
for supersonic combustion,

With these estimates the gas speed #pg can be calculated one
time from the energy equation (this value will be labelled wWqe’
and then also from an equation which is obtained by combining
the momentup\ﬂggfl the continuity equation (this value will be
labelled «p . For the correct values of TP£ and PDE
these two vafues are, of course, identical., Therefore, the dif-
ference between the two values an be used to calculate improved
estimates of the temperature 7"1:\5 according to the following
empirical relationship

T, EST(m+1) EST(n) ( (€) (ﬂ°C’)
De = Ipe X1o¢ \ Wpe ~ HpE

awhee XToe a 0.03 Hoo +0- 02
50 (Tpe~Tooe)[100= Mpe

44

where 'H.,DE = (integer part of (1;£|100))

t6: (g » Bty ) [ExP(10799Tpe) = 1 *°
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Yed
Since g 1s the associated isentropic stagnation pressure
to Pﬁf ., _improved values of PDE are obtained by comparingathe

s \Ipelek 7
calculated entropy@) . }with the known entraopy 6%) th

> 70‘1
according to the following empirical equation:

87:  EST(w#t) _ESUw) ( s Tpe(eol) [, S Tpe Xp
Poe  “Pre N\R . (R)

X

©
here Xp~20. 1 b hat the value of ( ’ﬁ‘) Toe
where ~ . t is obvious that the value 0 - must

f’ 7“ ‘ﬂlffwc.)
be entered also into the computer's memory register for ) .

70«;

before the calculations are started.

o (a2 50 | EXPET35T6) | = 5°
e Wine / [ Exp(sé6r3[Toe )] K

Enter 0.7 into the computor's memory register for "(A’
2

>0 /‘( Es1x) (3.76/5;:&) X{ = /{ EST(n+1)

NZ ”2’
where z, ns 0.3 Eater 3.76 also into computor's memory
for S’z before calculations are started.
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(continued)

e 1 (o L B 4

67: VZR[(}%&%?@;A.?&{] T u-;:)
R T RTs .
oa:l}lff)(u¢+m) - f(ltf "m 3)]/4 = U

where g = 0 for liquid fuels and g = 1 for gaseous fuels.
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CALCULATION OF COMBUSTION CHAMBEK
ExiT conpiTlonS (T, u., p. ) 0OF A RAM IET

FOR A SPECIFIED DIFFUSER EXIT SPEED (upe)
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C. CALCULATION OF EXHAUST NOZZLE EXIT CONDITIONS AND ENGINE
PERFORMANCE PARAMETERS,

From a theoretical point of view the optimum performance

of the exhaust nozzle of any jet engine is obtained when it is
designed to expand the propellant gas to the pressure of the
ambient atmosphcre (e.g. pe=pw)' Jlowever, for high pressure

po

ratios (F——) such an expansion may lead to extrcmely large exit
arcas and’ tius lony and hieavy exhaust nozzles so that the actual
performance of the engine may be reduced because of the extra
weight and drag.of such large nozzles. Since it was the ob-
jective of this study to determine the optimum thermodynamic
performance of the ramjet engine, ideal and isentropic expansion

was assumed. For any isentropic expan51on:stat1c temperature
at the nozzle exit can be calculated readily from the entropy
equation. For a calorically perfect gas we have

To=To (pe[pe )V

where Te and Pe have been calculated previously and Pe is speci-

fied, Since the specific heats of any combustion gas in the range
from T down to T, vary greatly with temperature, this isen-

trop1c temperature pressure relationship can be used only as a
rough estimate of the exit temperature (withg*1.3). For rig-
orous calculations the entropy equation has 35 be used in the
gencral form

Te 3

C‘G

The only unknown in this equation is T_. Obviously, it has i
to be calculated by an iterative procedure Since CTe = <
$.66 =47,

is a function of temperature and when T is above 1500K even the
temperature effect on the %, may have to be considered. Since in

some cases the exit temperature is higher than 1500 K, all cal-
culations were made by including the chemical equilibria. If
for low values of T the extremely low numbers for some of the :

stop the computer because of an underflow condition (or overflow
if reciprocal values appear), the appropriate instructions for
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by-passing this impasse have to be incorporated into the
program., Although the calculations aresimilar to those in
the previous sections, the equations are given here as they
apply to the calculation of the exhaust nozzle performance.
Before the calculations are started enter 0.7 into the memory

register for 0.01 into that for the value of L)fc
’

‘ -~
into both the register for (ai{) G and that for%)le
¢

c
¢

also the value of fo into the memory for 0 and that for

Z 2 g
501_ and flnally 3.76 into the memory for 5”,/02 ’
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D. RAMJET RESULTS AND CONCLUSIONS

The results of these calculations show that specific
thrust and thrust specific fuel consumption of a ramjet
flying at a given speed do not vary more than a few per-
cent over an altitude range of between 5000 and 30000
meters (see Figures 37 & 38). The data show that the per-
formance decreases as the temperature of the atmospheric
air increases but it increases as the atmospheric pressure
increases (see Tables 68 to 70).

Although isentropic diffusion is highly desireable
from the viewpoint of maximizing the thermodynamic efficiency
of the engine, at high flight Mach numbers the resulting
pressures within the engine become impossible unless the
supersonic combustion mode is employed. The supersonic
combustion mode does allow for lower pressures around which
the engine can be designed but in general there is a decrease
in performance (see Tables 42,44 ,46,48 etc.).

As expected, the thermodynamic efficiency of a ramjet
with an isentropic diffuser increases with flight Mach number,
whereas that of a simple subsonic diffuser with a normal shock
wave at the inlet first increases, reaches a maximum between
Mow=4 and Mw= 5 and then decreases rapidly as flight Mach
number continues to increase. Figure 35 demonstrates this.
However, in both cases the performance of the engine has a
maximum between M= 3 and M« = 4 for the isentropic dif-
fusion process and at My = 2.5 for the case where a normal
shock wave exists at the diffuser inlet.

Although the overall efficiency of an ideal ramjet
increases with flight Mach number (see Figure 36), this
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D. continued

fact is of no practical value because of the impossibly high
internal pressures involved at the very high flight Mach numbers .
Also, the diffuser inlet and exhaust nozzle exii areas would be
much too large (see Tables 63 to 65) -

In addition, the calculations show that when hydrogen
fuel is injected as a gas (e.g. after being used as a coolant
in the liquid state) the performance is higher than when
the hydrogen is injected as a 1iquid (see Figure 33) - However,
both cases using hydrogen as a fuel show greater performance
than if propane is used as a fuel. Also, the thrust specific
fuel consumption of a ramjet using hydrogen as a fuel is al-
most twice as good as 2 ramjet using propane (see Figure 34) .
ilowever, due to the low density of hydrogen, large fuel
tanks may bde required. 1In fact, the volume of hydrogen
required to obtain the same amount of energy as a volume 1
of propane is nearly triple that of the propane.

in conclusion, it can be stated that the most practical
range of speeds for ramjets lies between Me= 2 and Mx= 7
and that the optimum flight Mach number is approximately
Mo = L.
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Table 1
Wave Velocities And Pressures For

3 O, + Hy, + 3 Co, At
+5 Atm. Initial Pressure And

300 K Initial Temperature

Wave Velocities, Wy (m/s)
?.F.}.* Run #1  Run #2  Run #3
2.41 797 797 797
3.94 1022 9sh 906
4.53 2019 1695 1907
L.84 2418 2262 2597
5.77 2333 2260 2260
6.23 1663 1839 1829
Wave Pressures, P4 (Atm.)
?F)I Run #1 Run #2 Run #3
m
2.41 1.51 1.51 1.51
3.94 8.80 10.72 11.44
u.53 23.34 23.10 23.34
4.84 23.83 24 .07 19.74
5.77 16.13 22 .14 23.58
6.23 10.33 10.33 9.41

*D.F.I. is the distance from the ignitor

to each of the listed transducer locations
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Table 2
Wave Velocities And Pressures For

i 0, + Hy + 3 Co, At
1 Atm. Initial Pressure And
300 K Initial Temperature

l Wave Velocities, w, (m/s)
l ?.F.§. Run #1 Run #2 Run #3
m
1.49 162 162 162
l 2.41 941 941 941
3.01 1360 1360 1580
' 3.31 1613 1741 1613
L 3.94 2511 2651 2511
' 4.53 2162 2179 2214
4.84 2191 2125 2093
’ 5.77 2169 2126 2105
6.23 2044 2007 2032
Wave Pressures, p3 (Atm.)
?.?.I.* Run #1 Run #2 Run #3
m
1.49 11.06 11.06 14 .07
2.41 12.06 11.55 10.5%5
! 3.01 28.65 28.65 26.35
: 3.31 24 .04 28.65 28.65
: 3.94 28.05 29.21 28.65
4.53 25.05 23.12 20.48
4.84 20.00 19.76 23.12
5.77 23.36 22.16 22.64
6.23 17 .59 16.67 16.36
- *D.F.I.is the distance from the ignitor
) to each of the listed transducer locations

bomud  fenimad
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Table 3
Wave Velocities And Pressures

&02+H2+%C02At
2 Atm. Initial Pressure And
300 K Initial Temperature

For

Wave Velocities, Wy (m/s)

?.F.%.I_ Run #1  Run #2  Run #3
m

1.80 1198 1016 986
2.41 1279 1111 1210
3.01 2066 1852 1919
3.31 2286 2286 2385
3.94 2602 2309 2468
4,53 2179 2179 2179

4 .84 2191 2191 2191
5.77 2147 2213 2236
6.23 2057 2057 2057
Wave Pressures, Py (Atm.)

D.F.I." Run #1  Run #2  Run #3
(m)

2.4 23.12 26.13 24 .40
3.01 29.65 29.65 30.42
3.31 28.89 28.12 29.65
3.94 30.25 29.65 29.65
4.53 29.65 30.25 29 .65
4,84 29.65 29.65 29 .65
5.77 29.65 30.86 30.86
6.23 30.42 31.19 31.57

*D.F.I. is the distance from the ignitor

to each of the listed transducer locations
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Table &
Wave Velocities & Pressures For

2
3 02 + H2 + N2 At
.5 Atm. Initial Fressure

And 300 K Initial Temperature

Wave Velocities, Wy (m/s)

D.F.I. Run /1 Run #2 Run / 3
(m)

1.80 63 €3 63

3.01 350 350 343
3.31 588 599 599

4.53 2324 2324 2324

L .84 2891 2942 2916

5.77 2520 2535 2504

6.23 2339 2312 2286

Wave Pressures, Py (Atm.)

D.F.I.* Run #1 Run # 2 Run ; 3

1.80 7.9 8.5 8.5
3.01 8.1 8.5 8.1
3.31 10.2 12.1 10.5
4.53 3%.6 36.5 36.5
4 .84 28.1 33.9 33.9
5.77 28.1 31.5 36.5
€.23 25.0 25.3 25.7

* D.F.I. is the distance from the ignitor

to each of the listed transducer positions
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Table 5
Wave Velocities & Pressures For

1 Atm. Initial Fressure

And 300 K Initial Temperature
Wave Velocities, w, (m/s)
D.F.I.*  Run #1 Run #2  Rur #3
(m)
1.80 633 639 645
3.01 1799 1705 2020
3.31 3193 3193 3048
3.94 2852 2913 2883
b.53 2794 2736 2736
4.84 2580 2683 2580
5.77 2474 24l 5 2460
Wave Pressures, P (Atm.)
?.F.I Run #1 Run #2 Run #3
m
1.80 1.8 2.0 1.9
3.01 37.0 47.4 48.6
3.31 42 .3 43.5 43.0
3.94 Ly 6 L47.3 LE.5
4.53 38.3 37.5 38.0
L .8y 25.5 28.0 28.8
5.77 22.8 22.5 23.5
D.F.I. is the distance from the ignitor
to each of the listed transducer positions
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Table &
Wave Veloclties & lressures For
1 : \ -+
5 + + NA
20, + Hy v+ N, AL
2 Atm., Initial :ressure

And 300 & Initial Temperature

[ ]
wave Velocities, Wy (m/s3)
D.F.I.* Run #1 Run f#2 Run j#3

m )
1.80 664 658 656
.41 1342 135¢ 1279
3.01 2388 2388 2736
3.31 2794 2794 2632
3.94 2535 2489 2583
4.53 2501 2501 2501
L ,8L 2540 2540 2580
5.77 2416 2504 Gk
6.23 2540 2613 240
Wave Fressures, Py (Atm.)
D.F.I.°  Run /1 Run /2 Aun /3
(m)
1.80 3.8 3.8 5.8
2.1 20.1 20.5 zz.:
3.01 L7.3 47 .1 4¢.0
3.31 5L8.9 L9 .4 Lo,.n
3.94 49.2 49.3 L4e.3
4.53 45,0 52,0 T
L .84 L1.9 42.0 42.0
5.77 47 .0 L438.0 L48.0
£.23 34.0 35.0 45.8

%*
D.F.I. is the distance from the ignitor
to each of the listed transducer locationg
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Table 7
Wave Velocities & Pressures For
3 02 + H2 + He At
+5 Atm. Initial Presgure
And 300 K Initial Temperature

Wave Velocities.w1 (m/s)

?.F.§ Run #1  Run #2 Run # 3
m

1.49 373 373 379
3.01 715 827 822
3.31 687 746 754
3.94 804 823 852
4.84 715 738 738
5.77 3329 3670 3550
6.23 2565 2390 2237

Wave Pressures, Py (Atm.)

?.F.ff Run #1  Run #2  Run #3
m

1.49 .91 .91 .91
3.01 .81 .85 .79
3.31 .99 .99 1.00
3.94 .89 .91 64
4.84 .73 .76 2
5,77 10.84 3.14 8.80
6.23 3.99 3.99 3.99

*D.F.I. is the distance from the ignitor
to each of the listed transducer positions
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Table 8§
' Wave Velocities And Pressures For
i 0, + Hy, + He At
1 Atm. Initial I'ressure And
l 300 ¥ Initial Temperature

Wave Velocities, Wy (m/s)

*

D.F.I. Run #1 Run #2 ' Run #3
(m)

.90 762 767 784
1.49 560 582 577
3.01 2692 2500 1313
3.31 4868 4801 4963
3.40 L311 k501 Luho2
4.53 Loiy L038 L2y
4.84 3895 3939 3895
5.77 3702 3734 3734
6.23 3533 3533 3533

Wave Pressures, P4 (Atm.)
D.F.I.* Run #1 Run #2 Run #3
(m)

.90 4.13 4,55 4.25
1.49 5.33 5.27 4.85
3.01 10.86 15.53 10.85
3.31 103.29 97.12 93.43
3.94 71.25 83.57 78.36
4,53 56 .46 57 .69 61.39
4,84 52.14 50.29 57.76
5.77 35.27 35.87 35.87
6.23 36.09 34.52 31.38

D.F.I. is the distance from the ignitor to
each of the listed transducer positions
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Table 9
Wave Velocities And Pressures For

3 02 + H, + He At
2 Atm. Initial Pressure And
300 K Initial Temperature

Wave Velocities, Wy (m/s)

D.F.I." Run #1 Run #2 Run #3
(m)

.90 746 756 730
1.49 572 567 567
3.01 4429 4290 L4429
3.31 4381 3938 4028
3.94 3889 3921 3889
4.53 3671 3710 3671
L.84 3820 3811 3811
5.77 3670 3702 3767
6.23 3505 3505 1326

Wave Pressures, p3 (Atm.)

D.F.I." Run #1  Run #2 Run #3
(m)

.90 7.53 7.05 7.53
1.49 8.73 8.49 9.45
3.01 30.25 30.25 30.25
3.31 83.34 79 .64 78.41
3.94 82.10 83.34 88.27
4.53 64.85 68.55 68.55
L .84 59.92 61.15 61.15 |
5.77 53.14 50.06 53.76
6.23 75.94 75.94 77.15

*D.F.I. is the distance from the ignitor
to each of the listed transducer positions

92




Table 10
Wave Velocities And Pressures For
3 0, + H, + Ar At
«5 Atm. Initial Pressure
And 300 K initial Temperature

Wave Velocities, wy (m/s)

D.F.I."  Run #1 Run #2 Run #3
(m)

1.49 331 339 339
3.01 1295 1373 1226
3.31 2645 2695 2695
3.94 2602 2602 2511
4.53 2452 2408 2388
4.84 2369 2369 2369
5.77 2385 2385 2105
6.23 2146 2191 2191

Wave Pressures, Pq (Atm.)
D.F.I.”  Run #1 Run #2 Run #3
( m)

1.49 1.88 2.12 1.99
b 3.01 4 .47 5.43 5.13
3.31 20 .94 21.42 22.14
3.94 11.32 11.32 11.44
4.53 9.52 10.84 10.59
4.8y 11.44 11.92 8.31
5.77 6.45 6.33 6.27
6.23 5.91 6.15 11.68

*
D.F.I. is the distance from the ignitor to

—

each of the listed transducer positions




Table 11
Wave Velocities And Pressures For
1 0, + H, + Ar At
1 Atm. Initial Pressure And
300 K Initial Temperature

Wave Velocities, Wy (m/s)

?.F.§.¥ Run #1  Run #2 Run #3
m

1.49 312 298 319
1.80 960 1131 1002
2.41 267U 2508 2362
3.01 2347 2408 2367
3.31 2336 2336 2336
3.94 2272 2272 2236
4.53 2179 2197 2179
4 .84 2262 2262 2262
5.77 2236 2147 2147
6.23 2146 2191 2168

Wave Pressures, P (Atm.)

It i die o hE Statl LR R & o

?.FjI.* Run #1 Run #2 Run #3
m

1.49 5.09 4.61 5.09
1.80 17.59 20.96 21.19
2.41 22.64 23.12 22.16
3.01 23.12 21.92 22.88
3.31 19.76 22.64 21.68
3.94 24.33 23.36 23.12
4.53 19.27 19.27 19.03
4.84 26.25 28.65 31.06
5.77 12.24 12.24 12.24
.23 22 .88 23.12. 22.64

D.F.I. is the distance from the ignitor

to each of the listed transducer positions
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Table 12
Wave Velocities And Pressures For
3 02 + H2 + Ar At
2 Atm. Tnitial Fressure And
300 K Initial Temperature

'§.F.§.* Run #1 Run #2 Run #3

m
1.49 1525 2145 2640
1.80 2418 2697 2460
2.41 2508 2362 2486
3.01 2232 2232 2232
3.31 2337 2225 2290
3.94 2236 2236 2202
4.53 2251 2179 2214
4 .84 2276 2276 2337
577 2284 2213 2284
6.23 2237 2214 2237

wave Velocities, Wy (m/s)

Wave Pressures..p3 (Atm.)

-

?.F.§. Run #1 Run #2 Run #3
m

1.49 23.88 23.88 23.40
1.80 29.05 29.65 22.92
2.41 30.86 32.06 31.46
3.01 30.86 30.86 30.86
3.31 23.40 23.6k4 23.40
3.94 23.16 24 .12 24.12
4.53 30.86 30.86 30 .86 ﬂ
4 .84 41.08 41.08 Lo .L7
5.?77 24 .12 24 .60 24 .60
6.23 24 .36 24.12 24,12

-
D.F.I. is the distance from the ignitor

to each of the listed transducer positions




Table 13

Detonation Parameters For A
l .
2 02 + H2 + vxx Gas Mixture

At An Initial Pressure 0f .1 Atnm.

fll

T

u

1 3 P3 "1 3 3
(X) (X)  (Atm.) (m/s) (m/s) (m/s)
v, X =0.5 CO,
100 | 3250.52}4.28 1 1926.87,1026.53§900.34
200 | 3168.72}12.10] 1897.46 1021 .87} 875.59
300 | 3127.24§1.39] 1875.65 1021.25} 854 .40
400 | 3101.5401.03| 1856.93 1023.44]833.49
500 | 3082.581 .82 1838.09}1025.808812.29
v, X =1.0 CO,
100 | 3447.26}5.26) 1919.444 1019.101900.34
200 | 3345.06)2.59 } 1895.58)1015.32}880.26
300 | 3290.99§1.71 ] 1878.5641015.63}862.93
400 § 3256.31§1.28 | 1864.71]11017 .83}846.88
500 | 3230.33%1.0211850.5211019.324831.20
va =1,88 CO2
100 | 3623.73]6.44 §1941.,1141030.44)1910.67
200 } 3508.36}3.20 } 1926.68§1029.98}896.70
300 |} 3446.79}12.13 | 1916.61}1032.20)884 .41
400 | 3406.9111.59 ] 1909.07}1035.94}873.13
500 § 3376.6581.27 §1900.3311039.14])861.19
96
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Table 14
Detonation Parameters For A
3 0, + H, + v X Gas Mixture

At An Initial Pressure Of .5 Atm.

(O R N U T

(K) (K) (Atm.) (m/s) (w/s) {(m/s)

va =0.5 CO2

100 | 3477.16;22.17 {1965.95(1050.01| 915.94
200 | 3393.43110.92 | 1939.04|1045.82{ 893.22
300 | 3351.47] 7.22]1919.23|1046.68]872.55
400 | 3326.36] 5.38 | 1902.41)1049.43} 852.97
500 | 3307.98] 4.28 | 1885.33]1052.31] 833.02

Vxx =1.0 002

100 | 3720.39/27.12 | 1952.01(1038.15}913.86
200 | 3610.15013.40 | 1931.34]1035.92] 895.43
300 | 3552.23] 8.88 ]1916.58]1037.29{879.29
Loo | 3515.43] 6.64 § 1904 .69])1040.42] 864 .27
500 | 3487.76] 5.29 11892.21])1043.391848.81

va =1.88 C02

100 | 3928.67132.62 | 1955.7441039.661916.08
200 | 3803.22§16.30 | 1947.64f1042.700904 .93
300 | 3736.51110.88 | 1941.52]1047 .06} 894 .46
400 | 3693.66] 8.18 [1937.13§1052.47]884.66
500 § 3661.13] 6.55 1 1930.94}1056.97§873.96
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Table 15
Detonation Parameters For A

+ H2 + vxx Gas Mixture

At An Initial Pressure Of 1 Atm.

T
(K)

T4

(X)

P3
(Atm.)

Y1

(m/s)

Y3

(m/s)

u

3

(n/s)

100

200

300
Loo
500

100
200
300
Lo0
500

100
200
300
Loo
500

3577-75
3494 .21
3452.72
328.47

3410.74

3844 .91
3731.79
3672.54
3635.14

3607.02

4067.93
3938.98
3870 .41
3826.57
3793.25

va =0.5 002

Ly
<2
ik
10

8

va =1.0 CO

Sk
27
18
13
10

99
.19
.68

.95

.72

.85
.15
.01
A48

75

1981.66
1955.99
1937.18
1921.27
1905.02

2
1964 .08
1945.08
1931 .45
1920.53
1908.87

v.X =1.88 CO

65
32
21
16

13.

X
32
7l
.89
49

22

1957.55
1952.72
1948.60
1945.79

1940 .87

1059

1056
1060
1063

1045
1043
1045
1049
1052

2

1055.

1041.
1045.
1051.
1057.
1062.

.351 922,
65 900.
.96} 880
.11} 861
.33] 841

.321 918.
.94f 901
.86} 885.
441871
.78]856

061916
98] 906
451897
721888
901877

30
34

22

15
.69

76

014

59

009
.09

b9
74
.15
.08
97

98




Table 16
Detonation Parameters For A

2 0, + H, + v X Gas Mixture
At An Initial Pressure 0f 2 Atm.

W

N } V"l 5
(n) (i) (Atm.)  (w/s)  {(m/s)

v X =0.5CO,

100 3679.15 91.20| 1996.47,1068.22
200] 3596.49] 45.02f 1972.22}1065.82
300} 3556.37] 29.8% 1954 .4411066.91
400} 3533.17) 22.28}1939.4711070.47
s00| 3516.40) 17.74] 1924 .0711074 .04

VXX =1.0 CO2

100§ 3973.04§110.78 1974.7141051.67
200} 3857.57) 54.9441957.53{1051.27
300} 3797.27] 36.49] 1945.1011053.79
Loo| 3759.51] 27.3311935.21}1057.88
5001 3731.151 21.82}1924.44(1061.63

va =1.88 CO2

100 | 4211.32§130.4991956.2041040.20
200 | 4079.55] 65.63}1954.91§1047.05
300 | 4009.44) 43.9511952.95}1054.30
400 3964.91] 33.15}11951.87}1061.53
500 3931.03] 26.6111948.3311067 .47

928.
.40
<53
«99
.03

906
887
868
850

923

906.
31
877.

891

862

915.
.86
.65
.34
.86

907
898
890
880

26

.0h

26

33

.82

99
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Table 17
Detonation Parameters For A
i 0, + Hy + v X Gas Mixture

At An Initial Pressure Of 5 Atm.

T1 ’?3 p3 Wy w3 113
(R) (K) (Atm.) (m/s) (m/s) (m/s)
vX =0.5 co,

100 § 3813.00]231.76)2014.5011079.07{935.43
200 | 3733.38|114.63]1992.25}1077.69{ 914 .56
300 | 3695.45| 76.0111975.94]1080.03{895.91
400 | 3674.750 56.8711962.31§1083.60}878.71
500 3659.86] 45.34|1948.11}1087.67] 860 .44
v X =1.0 co,

100 | 4146.72]279.9411986.32§1058.61]927.71
200 § 4029.431139.1511971.7111059.67{912.04
300 § 3968.48]1 92.5711961.02§1063.11]897.90
400 } 3930.67] 69.4311952.55}1067.92) 884 .64
500 | 3902.32{ 55.49{1942.9911072.25}870.75
va =1 .88 002
100 | 4405.831323.8611948.8511036.14]912.71
200 § 4271.311163.63]1952.78 |1046.46]906.32
300 § 4200.15}109.97}1953.96 |1054.94}899 .02
400 | 4155.29) 83.14{1955.2941063.54 891.75
500 1 4121.12) 66.86]1953.69}1070.54}883.15

100
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Table 18

Detonation Parameters For A

3 0, + Hy + v X Gas Mixture
At An Initial Pressure 0f .1 Atm.

T T w

3 Py 1 V3 3
(K) (K)  (Atm.) (m/s) (m/s) {(m/s)

v.X =0.5 N2

100 | 3245.42 | 5.151 2372.6911268.24 11104 .45
200 | 3162.42{2.51 ) 2332.1811256.58|1075.60
300 ] 3119.27 | 1.65] 2302.52§1251.87]1050.64
400 { 3091.67 | 1.23] 2276.83]1249.93}1026.90
500 § 3071.62 .97 1 2251.55]1249.20§1002.35 E

v.X =1.0 N2

100§ 3076.23 | 4.92 | 2167.6841162.83 1004.85
200 | 3015.84 | 2.41 } 2134.08}1154.05 980 .04
300 | 2986.41 | 1.59 | 2109.01[1150.98] 958.03
400§ 2968.67 | 1.18 1 2085.90{1150.08} 935.82
500 § 2957 .45 .94 12066.3711150.41} 915.96

v.X =1.88 N
100§ 2795.14 {4.52 }1957.86 1060.971 896.89
200 | 2773.93 | 2.24 11934.51}1056.45] 878.06
300 | 2769.40 }1.48 |1916.28§1055.92 860.36
Loo § 2771.53 f1.11 |1901.4011057.12 844.28
500 )} 2774 .37 .88 11883.28}1058.631 824 .66
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Table 19

Detonation Parameters For A
1 O2 + H2 + VXX Gas Mixture
At An Initial Pressure O0f .5 Atm.

T1 T3 p3 wy w3 u3
(K) (K)  (Atm.) (m/s) (w/s) (m/s)
v X =0.5N,
100 | 3474.69(27.00|2436.16(1306.4711129.69
200 | 3389.77{13.22{2397.16]1295.29}1101.88
300 | 3346.19| 8.70(2368.90{1290.98}1077.92
LoO | 3318.84) 6.46]2344.72(1289.41]11055.31
500 | 3299.53| 5.1212322.0911289.1111032.98
va =1.0 N2
100 | 3255.42|25.6212217.33(1194.30{1023.03
200 | 3199.67}12.60(2186.35{1186.47{ 999.88
300 | 3173.98} 8.32]2163.55|1184.121 979.43
Loo 3159.811 6.19}2143.4911183.89} 959.59
500 | 3151.07| &4.9212124.4011184.64) 939.76
vxx =1.88 N2
100 |} 2900.44}23.1411988.99 §1083.68] 905.31
200 | 2891.71111.52}1970.16 |1080.97] 889.19
300 | 2896.35] 7.66]1955.26 |]1081.67] 873.59
400 ] 2905.61) 5.74]1941.8811083.73] 858.14
500 12915.641 4.5811927.74 ]11086.23) 841.52

102
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Table 20

Detonation Parameters For A

30

2

+ H2 +* vxx Gas Mixture
At An Initial Pressure Of 1 Atm,

(K)

Ty
(K)

P

(Atm.)

w
1

(n/s)

w

3

(m/s)

v,
J

( m/s)

100
200
300
400
500

100
200
300
400
500

100
200
300
400
500

3575
3491
3448
3421

3403

3331
3278
3255.
3243
3236.

2940
2938
2947
2960
2974

95
41
A4
.76
.12

IZL"
.86

53

.37

50

.94
37
.60
.70
.27

v X
X
55.07
26.98
17.77
13.20
10 .47

VXX
52,05
25.65
16.95
12.62
10.04

v_ X
X
L4L6.70
23.28
15.51
11.63
9.30

=0.5 N,
2462.75
2k 24 .77
2397 .40
2373.99
2352.16

=1.0 N2

2237 .70
2208.26
2186.39
2167 .14
2149.13

=1.88 N,
2000.83
1983.99
1970 . 54
1958.24
1945. 54

1322.

1311
1307

1207

1200.
1198.
1198.

1199

109<
1090
1092

1094,
.72

1097

70

.91
.90
1306.
1306.

58
51

20

.63
.85
.20

76

1140.
1112.
1089.
1067.
104 5.6°¢

4171030,
17]1008.
988.
29} 968.
<351 949.

908.
893.
878.
L8
847.

863

20
15
34

83

103




Table 21

Detonation Parameters For A

1

3 O2 + H2 + va Gas Mixture
At An Initial Pressure 0f 2 Atm.

(x)

T
(K)

3

P3
(Atm.)

Y1

(n/s)

Wy

(n/s

u

3

(m/s)

100
200
300
400
500

100
200
300
400
500

100
200
300
i 400
500

3677 .
3594.

3552

3509

3405
3357
3338
3327
3322

2978
2981
2996

3030

82
56

71
3527.
L7

11

.30
.10
.76
15
b2

.03
.84

.01
3013.

39

‘87

va =0.5 N2

112.24
55.06
36.29
26.98
21.42

2488
2452
2425
2403
2382

.72
.07
.69
.26
.29

VXX =1.0 N2

105.68
52.15
34 .49
25,72
20.47

v.X =
X

9k .1k4
47.02
31.37
23.55

18.85

2257
2229
2208
2190

2173.

1.88
2011
1996
1984
1973
1962

.23
.32
.65
<53
33

Ny
« 59
.68
75
<75
48

1338.
1328,

1324
1323
1323

1220
1213
1212
1212
1213

1100
1100
1102
1105
1108

38

73
.72
.92

.11
.56
.06
.54
.92

95
.18
24
<37
.86

1150
1123
1100
1079
1058

1037
1015
996
977
959

910

882

.07
.68
.96
.53
<37

.12

.75
.60

G

Lo

.64
896.

50

.52
868.
853.

38
62

104
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Table 22
Detonation Parameters For A
3 0, + Hy + v X Gas Mixture
At An Initial Pressure O0f 5 Atm.

ll\

(K}

T3 p3 w1 w3 u3

(k) (Ata.) (m/s) (m/s) (m/s)

~———yr—

100
200
300
400
500

100
200
300
400
500

100
200
300
400
500

va =0.5 Nz

3811.651287.29 | 2521.6611359.0111162.65
3731.96]141.20 | 2487.1641349.721}1137 .46
3692.57) 93.17 | 2462.29}1346.6611115.62
3669.12] 69.34 | 2441.12}1346.15[1094.97
3653.401 55.11 12421.37]1346.7711074.60

va =1.0 N2

3499.021269.04 | 2281.36]1236.0631045.30
3457.831133 "4 | 2255.86(1230.62{1025.23
442,431 88.14 {2236.9211229.86§1007.07
3436.98] 65.81 }|2220.3841230.96} 989 .42
3435.83| 52.44 | 2204.57(1232.85] 971.72

v X =1.88 N
X 2

3021.781237 .48 | 2024.2441110.96 913.28
3034.291118.88 | 2011.87§1111.62| 900.25
3055.41) 79.47 }2002.03§1114.71) 887.32
3078.73] 59.76 }11992.77{1118.68| 874.10
3101.56¢ 47.91 [ 1983.17]1122.88} 860.30
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Table 23
Detonation Parameters For A
3 0, + H, + v, X Gas Mixture
At An Initial Pressure Of .1 Atm.

(=Y

(K)

T

3

(K)

P3
(Atm.)

Y1

(m/s)

W3

(m/s)

u

3
(n/s)

100
200
300
Loo
500

100
200
300
400
500

100
200
300
Loo
500

3340
3242,
3190
3156
3132

3253
3165.
3120
3091
3070

3119
3048.
3013
2989.
2975.

.04

17

.51
.90
-39

'20
I12

.03
13

)

82

.76

83
ks

v X =0.5 He

5.41
2.63
1.72
1.28
1.01

3081.

84

3023.08

2981.
2945.
2912.

16
63
73

v X =1.0 He

5.35
2.61
1.71
1.27
1.00

3277
3215
3171

3099

v_X =1.88

.20
« 54
.67
24
.98

= = DN

3503.
49

3441

3396.
71
11

3355
3320

05
48
.56
3134.
15

12

He
59

63

1651

1618
1616

1764

1743.

1734
1729
1726

1902.

1880
1870
1864
1861

.80
1632.
1623.

31
53

99
L6

49

50

.03
.06
.28

35

.38
.58
43
.81

1430

1357

1326.
1296.

1512.

1471

1601
1561
1526
1491

.05
1390.
.63

77

6l
27

56

.98
1437.
1405.
1372.

54
06
88

.23
.10
Ol
.28
1458.

31

106
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Table 24
Detonation Parameters lFor A

3 0, + Hy + v X Gas Mixture
At An Initial Pressure O0f .5 Atm.

(K)

fll

3

(K)

(Atm . )

Py

w

1

(m/s)

w

3

(w/s)

u

3
(n/s)

100
200
300
Loo
500

|
200
300
Loo
500

100
; 200
| 300
400
500

3606

3501.
3446
3410

3384

3497

3358
3328.
3307.

3327.
3257
3223
3204
3191

49

34

.26
.67
.96

.04
3405.
.07

37

14

.50
94
.31
46

v X
X
l58
.93
.14
W77
.36

.2k
.79
.05
.71
.32

.28
<37
.81
<55
.19

=0.5
3178
3121
3080

3046.
3015,

=1.0
3378
3319
3276
3241
3208

He

.81;

§
1]

{ 1691

.1

.61
53
31

He
.96
0k
.75
.17
.35

1710

1682
1677

1828
1807
1798

1793.
.60

1790

= 1.88 He

3605
3546
3504
3469
3435

.82
.88
.83
04
.88

1971
1949
1939
1935

.94
.17
-39
.93
1675.

.77
49
.00

18

.21
.29
74
.06
1932,

76

1467
1429
1398.
1368.
1339

1550
1511
1478.
1447
1417

1634 .
1597
1565
1535
1503.

.87
.97

23
60

7k

.19
55

75

.99
7

60

- 59
.09
.98

12

107
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Table 25
Detonation Parameters For A
% 0, + Hy + v X Gas Mixture
At An Initial Pressure O0f 1 Atm.

T3 p3 L w3 u3

(K) (K) (Atm.) (m/s) (m/s) (m/s)

va = 0.5 He
100 | 3727.90 ) 58.53) 3220.75}1736.824 1483.93
200 | 3620.39 | 28.55] 3163.93} 1717 .15] 1446.78
300' 3564.25| 18.75] 3124.19]1708.48] 1415.71
400 | 3528.19 | 13.90} 3090.92{1704.17| 1386.76
500 | 3502.231 11.01]3060.49]1701.9411358.55

va =1.0 He
100 } 3606.61 ) 57.7843422.8441856.93]1565.91
200 | 3514.01 | 28.23]13364.06]1835.78}1528.29
300 | 3466.81 ] 18.56]3322.82{1826.45 1496.37
400 | 3437.32 1 13.7713288.20]1821.80 1466 .40
500 | 3416.651 10.9113256.4311819.4211437.02

vxx =1.88 He
100 { 3418.07 55-65 3649.19 2001.2411647.95

3 200 | 3350.14 | 27.32]13592.12|1979.67{1612.45
300 |3318.01 | 18.0113551.57|1970.40]1581.17
400 |3299.73 | 13.40(3517.17{1965.99(1551.18
! 500 13288.13 ] 10.64]13485.3411963.96]11521.37




Table 26
Detonation Parameters For A

1 .
3 02 + H2 + vxx Gas Mixture

At An Initial Pressure Of 2 Atm.

Tl

(K}

(1]

'3

()

Py
(Atm.)

Y1
(m/s)

W3

(m/s)

100
200
300
400
500

100
200
300
400
500

100
200
300
Loo
500

3852
3743
3686
3650

3578
3549

3508

3397
3387

3718.
3625.
.76
.86
3529.

48
A6
71
A48
3624.

52

13
57

81

<73
Juh3.
3413,
.19
.23

61

VXX
119.79
58 .49
38.43
28.51
22.60

va
118.12
57.78
38.01
28.23

22.39

=0 .5 He
3262.36
3206.7

3167 .97
3135.65
3106.09

=1.0 He
3466.36
3409.03
3368.95
3335.46
3304 .78

va=1.88 He

113.42
55.77
36.81
27 .40
21.78

3691.65
3636.90
3598.13
3565.33
3534.99

1762.

1743

1730

1885.
1864.
.25
.86
1848,

1855
1850

2031
2010
2001
1997

67

.33
1734,
.79
1728.

89

76

15
33

71

.17
.22
40
-39
1995.

72

1499 .69
1463.42
1433.08
1404 .85
1377.33

1581.21
1544 .70
1513.70
1484.60
1456.06

1660 .49
1626.68
1596.73
1567 .94
1539.28
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Ta

ble 27

Detonation Parameters For A
4 0, + Hy + v X Gas Mixture
At An Initial Pressure Of 5 Atm.

(K)

T3
(X)

P3
(Atm.)

Y1

(m/s)

Y3
(m/s)

u

3
(m/s)

100
200

300

400
500

100
200
300
400
500

100
200
300
400
500

4020.71
3911.25
3854 .59
3818.75
3793.33

3866.85
3776.10
3730.89
3703.49
3684 .85

3626
3567
3540.93
3527.84
3520.77

79
.01

va =
308.38
150.81

99.20
73.67
58 .44

va =
303.61
148.78

98.00
72.86
57 .84

va =
290.23
143,03

9k.57
70.50
56.11

0.5 He
3316.41
3262.88
3225.66
3194.75
3166.56

1.0 He
3522 .64
3467 .82
3429.70
3397 .92
3368.86

1.88 He
3745.87
3694.73
3658.70
3628.31
3600.17

1796.
1777.91
1769.96
1766.28
1764 .63

1922.12
1902.13
1893.64
1889.73
1888.03

2070.20
2050 .49
2042, 54
2039.25
2038.20

1519
1484
1455
1428
1401

1600
1565
1536
1508
1480

1675.
1644 .

1616
1589
1561

.92
.97
.70
47
.92

.51
.70
.06
.19
.83

67
24

01?
.06

.96
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3 0,
At An Initial Pressure 0Of

Table 28

Detonation Parameters For A

H2 + Vxx Gas Mixture

.1 Atm.

ll\

(K)

T3
(K)

b,
(Atm.)

Y1

(n/s)

100
200
300
400
500

100
200
300
400
500

100
200
300
400
500

3340.04
3242.16
3190.52
3156.89
3132.39

3253.20
3165.59
3120.09
3090.99
3070 .14

3119.41
3048.82
3013.79
2989.82
2975.43

v X
5.41
2.63
1.72
1.28

=0.5 Ar

2237.11
2194 .44
2164 .04
2138.15

1.01

v_X
.35
.61
.71
.27
.00

- =R D W

v X
.20
.54
67

~
o <

098

= = N

2114.35

=1.0 Ar
2019.80
1981.90
1954.70
1931.61
1910.19

=1.88 Ar
1834.98
1802 .44
1779.02
1757 .50
1738.81

1199.04
1184.89
1178.52
1175.21
1173.38

1087.54
1074 .61
1068.76
1065.70
1063.99

996.33
984 .83
979.70
976 .47
975.09

1038
1009

962
940

932
907
885
865
846

838
817
799
781
763

.07
55
985.
94
.96

~
P4

.26
.30
.95
.91
.20

.64
.61
31
.03
72
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Detonation Parameters For A
3 0, + Hy + v .X Gas Mixture
At An Initial Pressure 0f .5 Atm.

Table 29

T

T

u

.- -0 Ty - s

1 3 Py Y1 Y3 3
(K) (k) (Atm.) (m/s) (m/s) (m/s)
va =0.5 Ar

100 | 3606.48 ( 28.58 ¢ 2307 .48 1241 .9711065.52
200 ] 3501.34 | 13.93] 2265.62] 1227.61}1038.00
300 | 3446.25 9.14 | 2236.20} 1221.24]1014.96
400 | 3410.67 | 6.77 | 2211.47] 1218.01] 993.46
500 | 3384.95 | 5.36) 2188.80}1216.29| 972.51

r vxx =1.0 Ar

' 100 § 3497.05 | 28.24 | 2082.6241127.16] 955.46
200 | 3405.21 | 13.79 | 2045.70} 1114 .04} 931.65
300 | 3358.08 9.05}2019.64}1108.20] 911.44
400 | 3328.36 6.71] 1997.66]1105.22f 892.44
500 | 3307.36 | 5.3211977.48)1103.64] 873.84

v X =1.88 Ar
100 | 3327.14 |27.28 | 1888.5001032.40} 856.10
200 | 3257.49 §13.37 | 1857.62}1020.92] 836.71
300 | 3223.94 | 8.81 | 1835.61}1015.92| 819.69
400 | 3204.30 | 6.55 ] 1816.85}1013.46] 803.39
500 | 3191.46 5.19 §11799.49}1012.26| 787.23
112




Table 30
Detonation Parameters For A

3 0, + Hy + v X Gas Mixture

At An Initial Pressure ¢f 1 Atm.

Py
(Atm.)

w

1

(m/s)

w

3

(1n/s)

100
200
300
400
500

-2
[

100
200
300
400
500

100
200
300
Loo
500

3727
3620
3564
3528
3502

3514

3437

3416

3418
3350
3318
3299

3606.
.01
3466,
.32
.64

3288.

.90
-39
24
.19
.22

80

.07
<14
.02
.74

14

va =0.5 Ar

58.
28.
18
13.
11.

v
57
28
18
13.
10.

\%
X

55.
27.
18.
13.
10.

53| 2337
55| 2296

75| 2267

90} 2243
01} 2221

.93
.69
.8

.70
.60

xX =1.0 Ar

.78] 2109
.23} 2073
.56| 2048
770 2026.

91l 2007

X =1.88
65 1911
32| 1881
01} 1860
Lo] 1842
641 1825

.66
Ll
.01
66

.09

Ar

.22] 1048,
.33{1036.

1260
1246
1240
1237
1235

1144 .

1131
1125
1122
1121

.10 1031
.08} 1029

4111028.

75
L8

~18
c05
43

51
.48
73
.86

-39

12
82
.97
.66
60

1077
1050

1027.
1006.
986.

965.
.96
922.
.80

.70

941

903
885

863

.18
.21

66
65
17

15

28

.09
844,
828,
812.
796.

50

13
L2

81

113




Table 31

Detonation Parameters For A
% 02 + H2 + va Gas Mixture
At An Initial Pressure Of 2 Atm.

()

T

3
(x)

P3 Y4

(Atm.) (m/s)

w

3

(m/s)

{m/s)

100
200
300
400
500

100
200
300
400
500

100
200
300
400
500

3852
3743
3686
3650

3624

3718

3578
3549
3529

3508
3443
3413

3387

A48
A5
.71
48
.52

‘13
3625.
75
.86
.81

.72
.60
l60

3397.
.22

19

vxx =0.5 Ar

119.79f 2368.
58.49{ 2327.
38.43} 2299.
28.51] 2276.
22.60] 2254 .

1411279
7711265
6311259
1611256
7111254

va =1.0 Ar

118.12]2136.
57.78|2101.
38.01}2076.
28.232055.
22.3912036.

v X =1.88
113.4211933.
55.7711904.
36.81)1884.
27.40]1867.
21.7811851.

L8r1161
1511149
4h11143
80| 1140
8911139

Ar

45,1063
7811052
L811048
3041046
4011045

.52

A48
<35
.38
91

91
.07
.48
77
45

.80
.83
.21
.11
23

1088
1062
1040
1019

999

974,
.07
.96
.02
Al

952
932
915
897

869
851
836
821

.63
.29
27
.78
.80

57

.66
.95
27
.19
806.

17
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Table 32

Detonation Parameters For A

3 0,

+ H2 + va Cas Mixture

At An Tnitial Pressure Of 5 Atm.

w

u

1 3 Py Y1 3 3

(K) (X) (Atm.) (n/s) (m/s) (w/s)
v =0.5Ar

100 | 4020.71}308.38; 2407.371 1304.0711103.30

200 | 23911.25]150.81]2368.52{1290.58]1077.%4

300 | 3854.59} 99.20}2341.50{1284.81{1056.69

400 | 3818.75f( 73.67}12319.06}1282.14}103¢.92

500 | 3793.331 58.4412298.€011280.9411017.66
vxx =1.0 Ar

100 | 3866.85(303.61{2171.17 1184.70 1 986.47

200 } 3776.10}148.78{2137.38{1172.37} 965.01

300 { 3730.89) 98.0112113.89}1167.14} 94E€.74

400 | 3703.49{ 72.86{2094.3011164.73] 929.57

500 | 3684.85) 57.8412076.3911163.68] 912.71
vxx =1.88 Ar

100 | 3626.791290.23i1961.85:1084% .2k | 877.61

200 | 3567.01 1u3.o3i1935.07 1073.92} 861.1°%

300 | 3540.93 9%.57}1916.2011069.75} 84615

400 { 3527.841 70.50§1900.28(1068.03 ¢ 832.25

500 | 3520.77 56.11‘1885.5& 1067 .48 1 818.06

115
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Table 34
Detonation Induction Distances

For A 40, + Hy + v X Gas
At Initial Pressure Of py atm.

Py = 0.5 atm.
va = 4 CO2 475 cm
vxx = N2 475 cm
va = He 575 cm
va = Ar 320 cm
|
F Py = 1.0 atm.
VxX = % 002 375 cm
va = N2 325 cm
vX = He 325 em
va = Ar 225 cm
Py = 2.0 atm.
Vxx =3 Co, 350 cm
va = N2 310 cm
va = He 280 cm
4
o v.X = Ar 175 cm
) ‘ X
] 117
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Table 35
Absolute Formation Enthalpies

For Eleven Species

At 0 Degrees Kelvin

Species




L.l

Temperature,Pressure and Velocity

Table 36

At Four Ramjet Stations

Mp [ M, i DE ¢ e
b\ 233.10  278.48 2053.48  2012.70
1 A DY .01068 .01982 01264 .01068
u 306.598 48.285 613.852  762.174
T 233.10 415.92 2143.02 1695.06
2 .7 P .01068 .08069 .05218 .010638
u 613.197 71.527 626.528  1478.681
T 233.10  638.06 2271.83 1312.58
3 2 P .01068 .37867 .25007 .01068
u 919.795 108.709 644 .899 1937.697
T 233.10 930.81 2434.,11 1038.53
4 7 P .01068  1.5969 1.0821 .01068
u 1226.39 156.949  668.015 2259.21
T 233.10  1283.11 2627.90  854.41
5 7 1P .01068  5.8679 4.0904 .01068
u 1532.99 213.804 695.358 2523.51
T 233.10 1688.02 2851.89 729.978
6 7 P .01068 19.034 13.655 .01068
u 1839.59 277.480 726.530 2765.06
T 233.10 2136.89  3106.21  644.356
” T ki .01068  55.704 L1.002 01068
u 2146.19 345.655 761.307 2999.80
T 233.10 2619.88  3392.33  584.986
8 I R .01068  150.13 112.41 .01068
u 2452.79 L415.573  799.604  3234.66
T 233.10 3131.56 3712.68  543.776
9 7 1P .01068  379.54 284,06 .01068
u 2759.38 485.401 841 .440 Wp2.72
T 233.10 3671.80 4069.18 517.993
10 .7 |F .01068 908.10 657 .68 .01068
u 3065.98 554,606 886.736  3714.45

i-inlet DE- diffuser exit
e- nozzle exit

c- combustion chamber exit

Propane Fuel at Te = 230.9 K ---- Isentropic Diffuser
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Table 37
Temperature,Pressure and Velocity
At Four Ramjet Stations
MF Mc i DE c e
T 233.10 278 .48 2053.48 2012.70
1 7 P .01068 .01982 .01264 .01068
u 306.598 48.265 613.852 762.174
T 392.70 415,91 2132.84 1787.86
2 .7 P 04809 .05899 .03815 .01068
u 229.388 71.683 625.406 1364 .62
T 617.77  637.97 2231.75 1650.84
3 7 P .11082 +12492 08254 .01068
u 234 .890 109.622 640 .656 1664.92
T 912.59 930.42 2348.70 1606.90
m o P .19971 .21558 14640 .010638
u 256.719 159.702 659.369 1878.18
T 1268.95 1281.95 2479.27 1629.06
5 7 P +31539 . 32904 .23069 .01068
u 282.548 220.226 681.063 2062.50
T 1680.62 1685.01 2619.06 1699.35
6 o P 45823 46355 .33684 .01068
u 309.078 290.364 705.339 2235.79
T 2134.10 2125.47 2765.03 1803.88
7 7 {P .62901 61673 L6565 .01068
u 333.733 368.120  732.017 2403.52
T 2580.15 2558.19 2915.42 1925.30
8 .7 P .83015 .78865 .61725 .01068
u 351.001 445,601 761.071 2567.53
T 2957 .69 2926.68 3069.59 2729.09
9 .7 p 1.0639 .98434 79172 .01068
u 358.307 512.685 792.661 2729.09
T 3275.66 3236.65 3227 .64 2154.09
10 o7 P 1.3287 1.2028 98642 .01068
u 361.549 570.773 826.944 2898.31 |
i-inlet DE-diffuser exit c-combustion chamber exit
e-nozzle exit
Propane Fuel at Tf = 230.9 K --~- Normal Shock Diffuser
120
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Tables 38
l Temperature,l’ressure and Velocity
At Four Ramjet Stations
’ Vg §Me i LE c c
. T 233.10  278.41 2031.24 2016.88
1 |.8 {p .01068 .01980  .01133  .01068
u 306.598  49.793  697.344 746.722
. T 233.10  415.76 2118.95 1698.95
2 }.8 |p .01068 .08058  .04680  .01068
i u 613.197  73.838  711.621 1474.29
T 233.10  637.68  2245.84 1317.89
l 3 1.8 |p .01068 37783 .22442  .01068
u 919,795 112,387 232,409 1933.9k
' N 233.10  930.02  2406.18 1042.75
s s |? 01068  1.5916  .97209  .01068
f u 1226.39  162.558 758.605 2256.75
| ' T 233.10  1281.64 2598.06 857.85
5 £.8 |p .01068  5.8400  3.6784  .01068
' u 1532.99  221.924 789.647 2521.81
T 233.10  1685.52 2819.70 732.81
l 6 |.8 {p .01068  18.909 12.292  .01068
u 1839.59  288.754 825.015 2763.82
, T 233.10  2132.96 3071.05 646.50
% > s v 01068  55.222  36.945  .01068
: u 2146.19  360.747 864.421 2998.83
? T 233.10  2614.17 3353.36 587.26
| s 1 |? .01068  148.48 101.35 .01068
» u 2452.79  435.095 907.774 3233.85
T 233.10  3123.67 3668.86 545.88
o | s ]F 01068  374.45 256.12  .01068
u 2759.38  509.870 955.070 3472.02
T 233.10 3661.31 4019.16 520.14
10 {.8 {pP .01068  893.70 592.30  .01068
u 3065.98  584.492 1006.20 3713.79

i~-inlet DE-diffuser exit

' e-nozzle exit

c-combustion chamber exit

Propane Fuel at Ty = 230.¢ K ---- Isentropic Diffuser
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Table 39

Temperature,Pressure and Velocity

Four Ramjet Stations

MF Mc i DE c e
T 233.10 278.41 2031.24 2016.88
3 g |P .01068 .01980 .01133 .01068
u 306.598  49.793 697343 746,722
T 392.70 415.75 2109.34 1791.40
2 8 1P .04809 .05891 03421 .01068
u 229.388  73.991 710 .404 1359.78
T 617 .77 637 .58 2207.86 1656.50
3 8 1P .11082 12464 07407 .01068
u 234.890 113.287 727.788 1659.49
T 912.59 929.62 2324.,79 1612.37
4 .8 P .19971 21485 .13149 .01068
u 256.719 165.303 749,156 1873.69
T 1268.95 1280.43 2455.36 1634.11
5 .8 P .31539 .32742 20743 .01068
u 282.548 228.418 773.909 2058.67
T 1680.62 1682.32 2594.94  1703.G5
6 .8 | P 45823 46029 .30321 .01068
u 309.078 301.967 801.548  2232.36
T 2134.10 2121.15 2740.37 1807.83
; Y R .62901 .61067 L1963 .01068
u 333.733 384.145 831.869  2400.40
T 2580.15 2552.48 2889.89 1928.39
8 B8 1P .83015 .77840 .55690 .01068
u 351.001 466.901  864.835 2564.72
T 2957.69 2920.19  3042.73  2049.56
9 .8 1P 1.0639 .96847 .71480 .01068
u 358.307 539.227 900.603 2726.48
T 3275.66 3229.28 3199.02 2155.65
10 B8P 1.3287 1.1802 .89094 .01068
u 361.549 602.108 939.369  2896.25

i-inlet DE-diffuser exit
e-nozzle exit
Propane Fuel at Tf = 230.9 K ---- Normal Shock Diffuser

c-combustion chamber exit
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Table 40
Temperature,Pressure and Velocity

At Four Ramjet Stations

M ¥ i DI c e

| T 233.10 278.38  2006.44 2019.16
‘ P .01068  .01979  .01014  .01068
119 1o 306.598 50.461  779.233 738.083
T 233.10 415.68 2092.17 1701.01

2 l.o {® .01068  .08052  .04187 .01068
u 613.197 74.876  795.042 1471.97
T 233.10 637.50 2217.00 1320.94

3 1.9 }pP .01068  .37744  .20088  .01068
u 919.795 114.057 818.173 1931.78
T 233.10 929.65 2375.40 1045.24

4 g |F .01068 1.5891  .87052  .01068
u 1226.39 165.123 847.413 2255.35

T 233.10 1280.95 2565.24 859.93

5 g |F .01068 5.8269 3.2959  .01068
u 1532.99 225.658 882.086 2520.78

T 233.10  1684.33 2784.42 734.51

6 {.9 [r .01068 18.8505 11.0194 .01068
u 1839.59 293.974 921.557 2763.08

T 233.10 2131.06 3032.63 648.28

> .o |V .01068  54.9910 33.1350 .01068

2146.19 367.805 965.479  2998.24

T 233.10 2611.37 3310.94 588.66

8 |.o |P .01068  147.68 90.932  .01068
u 2452.79 444,344 1013.75 3233.35

T 233.10 3119.73 3621.36 547.18

9 .9 P 01068  371.93 229.79 .01068
u 2759.38 521.645 1066.34 3471.59

7P 235.10 3655.96 3965.27 521.48

10 {.9 |P .01068 886.44  531.13  .01068
u 3065.98 999,137 1123,12 137213.,37

i-inlet Dk-diffuser exit c-combustion chamber exit
- e-nozzle exit
Propane Fuel at Tf = 230.9 K ---- Isentropic Diffuser
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Table 41 )
Temperature,Pressure and Velocity

At Four Ramjet Stations

MF MC i DE c e
T 233.10 278,38 2006 .44 2019.16
1 9 1]lp .01068  .01979 .01014%  .01068
u 306.598 50.461 779.233 738.083
T 392.70 L15,67 2083.24 1793.82
2 9 | F .04809  .05887  .03061 .01068
u 229.387 75.021  793.765 1356.450
; T 617.77  637.41  2181.L5 1666.66
3 9 P .11082  .12452  ,06630 .01068
U 234,890 114,016 813,288 _1649.62 |
T 912.59 929.26 2298.43  1615.44
n 9tvp .19971 .21452 11774 .01068
y u 256.719 167.7?75 837.306  1871.17
| T 1268.95 1279.74 2429.15 1636.90
5 .9 P «31539 «32669 .18581 .01068
u 282.548 232,000 865.121 205654
! T 1680.62 1681.11 2568.66 1706.59
E 6 9 1P 45823 45883 .27173 .01068
u 309.078  307.007 896.119  2230.39
T 2134.10 2119.22 2713.58 1810.05
” P R .62901  ,60800 .37622 .01068
u 333.733 391.095 930.018 2398.63
T 2580.15 2549.91 2862.25 1930.11
8 N Ri 83015  .77383  .49948 .01068
u 351.001 476.154 966.831  2563.13
T 2957.69 2917.25 3013.70 2050.91
9 91fr 1.0639 .96136  .64120 .01068
u 358.307 550.809 1006.66 2724.99
T 3275.66 3225.94 3168.18 2156.55
10 9 | P 1.3287 1.1702  .79916 .01068
u 361.549 615.779 1049.78 2895.05

i-inlet DE-diffuser exit c-combustion chamber exit
e-nozzle exit
Propane Fuel at ‘1‘f = 230.9 K --~- Normal Shock Diffuser
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Table 42
Temperature,Pressure and Velocity
At Four Ramjet 3tations
M. 1 DE c e
7 233.10  278.61 2109.63 2070.47
1 P .01068 .01985 .01262 .01068
u 306.598 45.632 668.1726 821.976
T 233.10 416.19 2199.44 1752.95
5 ‘ .01068 .08088 .05207 .01068
u 613.197 67.576 681.164 1588.08
T 233.10 638.65 2325.21 1330.95
3 P .01068 .37997 24933 .01068
u 919.795 102.704  699.607 2100.17
T 233.10 931.96 2481.09 1036.73
i P .01068  1.6048 1.0776 .01068
u 1226.39 148.328 722.511 2437.01
T 233.10 1285.11 2666.17 837.10
5 P .01068 5.9061 L4.,0644 .01068
u 1532.99 202.162  749.489 2707.69
T 233.10 1691.18 2879.39 701.59
6 P .01068  19.1920 13.5020 .01068
u 1839.59 262.551 780.156 2951.05
T 233.10  2141.40  3119.45 608.60
” P .01068  56.2619  40.0612 .01068
u 2146.19 327.458  814.180 3184.95
T 233.10 2625.72  3384.87 545.59
8 P .01068 151.826 106.755 .01068
u 2452.,79 394.620 851.225 3417.33
T 233.10 3138.47  3673.76 507.19
9 P .01068  384.054  253.568 .01068
u 2759.38 462.860 891.069 3651.03
T 233.10 3679.20 3980.50 491.24
10 P .01068 918,372  522.008 .01068
u 3065.98 532.523 933.227 3886.65

i-inlet DE-diffuser exit

e-nozzle exit

c-combustion chamber exit

Hydrogen Fuel at T, = 20 K ---- Isentropic Diffuser
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Table

43

Temperature,Pressure and Velocity

At Four Ramjet Stations

—_---.-."-"""""""""“""-lnl-----..

Mo | M, i DE c e
T 233.10 278.61 2109.63 2070.46
r .01068  .01985  .01262 .01068
1 7 306.598 45.632 668.176  822.0L4L
T 392.70 416.18 2188.08  1848.14
2 7 qp 04809  .05913  .03807 .01068
u 229.388 67.732 679.876  1460.53
T 617.77 638.57 2281.74  1677.94
3 o P .11082  .12536  .08230 .01068
u 234.890 103.591 694.837 1805.15
T 912.59 931.62 2390.65 1615.93
L 7 P 19971  .21668  .14583 .01068
3 256.719 150.937 713.008 2029.16
i 1268.95 1284.09 2510.55 1619.21
5 7P 231539 .33133  .22956 .01068
1 282.548 208.175 733.908  2219.91
T 1680.62 1688.50 2636.61  1670.68
6 2 P 45823 46782 .33490 .01068
u 309.078 274.561 757.091  2398.02
T 2134.10 2130.55 2764.99  1759.93
7 7 qP 62901  .62392 46266 .01068
u 333.733 348.325 782.260 2569.89
T 2580.15 2564.11 2893.49 1875.01
8 7 0P .83015  .79943  .61308 .01068
351.001 422.326 809.331 2737.42
i\ 2957.69 2932.46 3021.42 1999.49
9 7 P 1.0639 .99871  .78678 .01068
1 358.307 487.737 838.415 2901.27
\ 3275.66 3242.09 3148.43  2115.75
10 { .7 1.3287 1.2197  .98146 .01068
t 361.549 546.464 869.610  3065.32

i-inlet DE-diffuser exit c-combustion chamber exit

e-nozzle exit

Hydrogen Fuel at Ty = 20 K ~--- Normal Shock Diffuser
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Table 44
Temperature,Pressure and Velocity

At Four Ramjet Stations

MF Mc i Dis c e

T 533.10  29B.55  2087.11 2073.03

P .01068 .01983  .01131  .01068

198 1, 306.598  47.054  759.128 811.479
T 233.10  416.04  2174.74 1752.40

- ls i .01068 .08078  .04669  .0106E
u 613.197  69.755 773.717 1588.74

T 233.10  638.31 2298.12 1336.56

5 §.8 |r .01068 37923 .22374  .01068
u 915.795  106.171 794.500 2095.98

T 233.10  931.26 2451.96 1041.17

L 8 |7 .01068 1.6001 96793 .01068
u 1226.39  153.600 820.461 2434 .34

T 233.10  1283.82 2635.05 840.70

s e |Y .01068  5.8814  3.6542  .01068
u 1532.99  209.767 851.075 2705.84

T 233.10  1688.98 2846.09 70L.53

. .01068  19.0816 12.1499 .01068
u 1639.59  273.058 885.887 2949.69

T 233.10  2137.95 3083.63 611.21

e .01068  55.8356 36.0670 .01068

[N LI Y 2146.19  341.446 924.478 3183.87

T 233.10  2620.72 3346.00 548.10

p .01068  150.368 96.074  .01068
8 1-8 {u 2452.79  412.64 _ 966.471 3416.37

T 233.10  3131.54 3631.08 509.82

o |.s ¥ .01068  379.531 227.722 .01068
u 2759.38  485.444 1011.58 3650.10

T 233.10  3669.86 3933.17 494 .60

10 |.8 |r .01068  905.422 466.656 .01068
u 3065.98  560.261 1059.26 3885.55

i-inlet DE-diffuser exit c-combustion chamber exit

e-nozzle exit

Hydrogen Fuel at T, = 20 K ---- Isentropic Diffuser
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Table 45
Temperature,Pressure and Velocity

At Four Ramjet Stations

MF MC i DE c e
T 233.10 278.54 2087.11 2073.03
P .01068 .01983 01131 .01068
8ty 306.598  47.054  759.128 811.480
T 392.70 416.03 2164 .06 1847.28
2 .8 P 04809 05905 03414 .01068
u 229.388 69.907 772.324 1461.82
T 617.77  638.23 2257.20 1683.89
3 8 P .11082 .12511 .07385 .01068
u 234.890 107.039 789.357 1799.16
T 912.59 930.91 2366.20 1621.72
4 .8 P .19971 .21603 .13097 .01068
u 256.719 156.183 810.118 2024.20
T 1268.95 1282.75 2486.39 1624 .61
5 8 P .31539 «32990 .20638 .01068
u 282.548 215.801 833.994 2215.67
T 1680.62 1686.15 2612.71 1675.70
6 8 P 45823 L6495 .30139 .01068
u 309.078 285.273 860 .445 2394.24
T 2134.10 2126.82 2741.12 1764.53
7 8 P .62901 .61863 41682 .01068
u 333.733 362.977 889.107 2566.40
T 2580.15 2559.23 2869.42 1878.79
8 .8 P .83015 +79052 55295 .01068
u 351.001 441.623 519.894 2734.29
T 2957.69 2926.90 2996.73 2002.52
9 .8 P 1.0639 98490 .71014 .01068
u 358.307 511.719 952.880 2898.30
T 3275.66 3235.69 3122.89 2117.66
10 .8 P 1.3287 1.1999 .88629 .01068
p 361.549 574.933 988.237 3062.98
i~-inlet DE-diffuser exit c-combustion chamber exit
e~-nozzle exit
Hydrogen Fuel at T, = 20 K ~~-- Normal Shock Diffuser
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Table 46
' Temperature,Pressure and Velocity
At Four Ramijet Statiogns
I Mp i DE c e
I T 233.10 278.51 2062.04 207%.35
1 r .01068 .01982 .01012 01068
u 306.598 47,6845 g48.371 801.780
T 233.10 415.97 2147.23 1749.86
2 I .01068 .08073 .04178 .01068
u 613.200 70 .741 864 .458 1591.82
T 233.10 638.15 2268.11 1339.77
3 P .01068 .37688 .20027 .01068
u 919 .79 107.764  887.516 2093.57
T 233.10 930.93 2419.68 1043.77
L P .01068 1.5978 . 86681 .01068
u 1226.39 156.049 916.425 2432.77
T 233.10 1283.19 2600.67 B8L2.83
5 P .01068 5.8695 3.2743 .01068
u 1532.99 213.325 950.610 2704.74
T 233.10 1687.91 2809 .44 706.28
| 6 = .01068 19.0283 10.8916 .01068
: u 1839.59 278.078 989.496 2948.89
‘ 7 233.10 2136.26  3044.39 612.76
7 P .01068 55.6278 32.3415 .0106¢&
u 2146.19 348.085 1032.57 3133.22
T 233.10 2618.24  3303.62 549.63
8 p .01068 149.651 86.1394 .01068
u 2452,79 421.279 1079.41 3415.79
T 233.10 3128.07 3584.94 511.35
9 I3 .01068 377 .279 203.981 .01068
19} 27259,38 496,39 1129,66  3649,56
T 233.10 3665.10 3882.57 496.49
10 P .01068 898.885 L417.116 .01068
u 3065.98 573.868 1182.73 3884.93
i-inlet Di-diffuser exit c¢-combustion chamber exit
e-nozzle exit
Hydrogen Fuel at Te = 20 K ~---~ Isentropic Diffuser
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Table 47
Temperature,Pressure and Velocity

At Four Ramjet Stations

MF Mc i DE c e
T 233.10 278.51 2062.04 2075.33
1 91 F .01068  .01982 .01012 .01068
u 306.596 47 .684 848.371 801.869
T 392.70  415.96 2137.30 1844.57
2 9 | P .04809 .05902 .03054 .01068
u 229.388 70.884 862.991 1465.82
T 617.77  638.07 2229.95 1687.23
3 9 }p .11082 .12500 .06609 .01068
u 234.890 108.588 882.084 1795.76
T 912.59 930.59 2339.18 1625.01
4 9 P .19971 .21573 .11727 .01068
u 256.719 158.525 905.455 2021.37
T 1268.95 1282.14 2459.89 1627.63
5 9 Ip .31539 .32925 .18488 .01068
u 282.548 219.172 932.341 2213.29
T 1680.62 1685.10 2586.63 1678.54
6 9 P L5823 L6366 .27011 .01068
u 309.078 289.971  962.057 2392.08
T 2134.10 2125.14  2715.17 1767.13
7 9 P .62901 61626 .37373 .01068
u 333.733 369.376  994.183 2564 .41
T 2580.15 2557.03 2843.36 1880.91
8 .9 |P .83015  .78655 49597 .01068
u 351.001 450.033 1028.64 2732.52
T 2957.69 2924 .40 2970.12 2004.26
9 9 |p 1.0639 .97874 .63709 .01068
u 358.307 522.157  1065.47 2896.58
T 3275.66 3232.81  3095.36 2118.75
10 .9 (P 1.3287 1.1910 .79516 .01068
u 361.549 587.312  1104.87 3061.63

i-inlet DE-diffuser exit c-combustion chamber exit
e-nozzle exit

Hydrogen Fuel at Tf = 20 K ---- Normal Shock Diffuser
130




Table 48
Temperature,l’ressure and Velocity

At Fcur Ramjet Stations

Mg M, i o ¢ N

T 233.10 278.55 2150.14 2112.5%

1 .7 P .01068 .01983 .01299 01068
u 306.598 46.833 675.816 826.230

T 233.10 416.07  2243.46 1783.94

> 7 F .01068 .08080 .053568 .01068
u 613.197  69.320 689.090 1644 4§
T 233.10 638.40 2371.71 1376.26

3 .7 P .01068 .37941 2564¢ 01065
u 919.795 105.349 707.639 2138.21

T 233.10 931.45 2528.40 1071.60

4 .7 P .01068 1.6013 1.1087 .01068
u 1226.39  152.219 730.4L6  2478.04

T 233.10 1284.18 2713.07 863.83

5 2 P .01068 5.8884 4.1878 .01063
u 1532.99  207.635 757.185 27409.74

T 233.10 1689.65 2925.65 721.43

6 o |F .01068 19.1151 13.9877 .01068
u 1839.59  269.908 787.604 2993.12

T 233.10 2139.08 3165.79 621.826

? o AT .01068 55.9754 42,1524 .01068
u 2146.188 336.914 821.452 3226.91

T 233.10 2622.54 3433.97 550.29

8 .7 P .01068 150.898 116.781 .01068
u 2452.79  L406.176 858.541 3459.78

T 233.10 313445 3732.23 498.00

9 7P .01068 381.424 302.656 .01068
u 2759.38  476.097 898.8723 3695.45

7 233.10 3674 .62 4062.73 457,77

10 7P .01068 912.009 740.096 .01068
u 3065.98 546.288 942,380  3936.45

i-inlet DE-diffuser exit

e-nozzle exit

c-combustion chamber ©€Xit

Hydrogen Fuel at Ty = 300 K -~-- Isentropic Diffuser
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Table 49
Temperature,Pressure and Velocity
At Four Ramjet Stations

Mp M i DE c e
T 233.10 278.55 2150 .14 2112.65
1 b 1P .01068 .01983 .01299  .01068
u 306.598 46.833 675.816 826.231
T 392,70 416.06 2230.55 1877.40
2 1.7 1p .04809 .05907 .03917  .01068
u 229.388  69.504 687.640 1519.05
T 617 .77 £38.29 2322 .84 1727.66
3 7 }|P .11082 .12516 08467  .01068
u 234.890 106.388 702.352 1838.26
T 912.50 931 .04 2L28. 48 1663.52
4 7 1p .19971 .21615 .15001  .01068
u 256.719  155.238  720.087 2062.52
T 1268.95 1282.98  2544.36 1664 .07
5 7 P 31539 .33015 .23615  .01068
u 282.548  214.500 740.511 2252.53
T 1680.62 1686.55 2666.46 1712.75
6 7 P L5823 L6543 J4lsk  .01068
u 309.078 283.516 763.250 2429.12
T 2134.10  2127.44  2791.49 1798.18
7 7 1P .62901 61951 47606  .01068 N
u 333.733 360.568 788.081 2599.29 :
T 2580.15 2560.07 2917.30 1907.76 'ﬁ
8 7P .83015 .79206 .63100 .01068 i
u 351.001  438.344  814.907 2765.07 -q
T 2957.69  2927.93  3043.16 2025.63 :
9 7 Ip 1.0639 98743 .80976  .01068 i
u 358,307 507.391  843.827 2927.33
T 3275.66  3236.95 3168.62 2131.89 g
10 .7 P 1.3287 1.2037 1.0099  .01068 ﬂ
b 361.549  569.428  874.909 3094.65
i-inlet DE-diffuser exit c-combustion chamber exit ]
e-nozzle exit |
Hydrogen Fuel at T, = 300 K ---- Normal Shock Diffuser ]
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Table 50
Temperature,lressure and Velocity
At Four Ramjet Stations
1 o W o i Dis ¢ €
T 233.10 278.48 2128.46 2111.38
1 8 P .01068 .01981 .01165 .01068
u 306.598 L48.338 767.964 831.910
T 233.10 415.91 2219.47 1789.55
> .8 P .01068 .08069 .04809 0105686
u 613.197 71.629 782.848 1637.62
T 233.10 638.03 2345.28 1381.70
3 8 F .01068 .37860 .23039 .010%8
u 919.795 109,029 803,264, 2134 .17
T 233.10 930.68 2499.68 1075.96
4 .8 P .01068 1.5961 .99683 01068
u 1226.39 157.837 829.559 2u75. 4k
T 233.10 1282.76 2682.25 867.32
5 8 b .01068 5.8612 3.7695 .01068
u 1532.99 215.769  859.892 2747.26
T 233.10 1687.21 2892.52 9724.29
6 8 P .01068 18.9935 12.6047 .01068
u 1839.59 281.197 894 .393 2991.84
iy 233.10 2135.25 3130.03 624.20
7 .8 p .01068 55.5032 38.0273 .01063
u 2146.19 352.016 932.781 3225.94
T 233.10  2616.95 3395.02 552.27
8 8 I .01068 149.277 105.472 .01068
u 2452,79 425,719 Q74 .800 3L59,04
T 233.10 3126.69 3689.43 499,73
9 g |7¥ .01068  1376.391 273.639 .010068
u 2759.38 500.645 1020.47 3695.05
T 233.10 3664 .20 4015.15 459.17
10 .8 P .01068 897.655 669 .847 .01068
u 3065.98 576.402 1069.69 3935.99

i-inlet DE-diffuser exit

e-nozzle exit

c-combustion chamber exit

Hydrogen Fuel at Tg = 300 K ~-- Isentropic Diffuser
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Table 51
Temperature,Pressure and Velocity

At Four Ramjet Stations

MF Mc i DE c e

T 233.10  278.48 2128.46 2111.38

118 1p .01068 .01982  .01165 .01068
u 306.598 48.338  767.964 831.905

T 392.700 415.90 2207.23 1882.57

2|l .8 ir .04809  .05898  .03516  .01068
u 229.388  71.811 781.269 1511.28
T 617.77  637.92 2298.90 1733.28

3|.8 {p .11082  .12489  .07605 .01068
u 234.890 110.057 797.999 1832.48

T 912.50  930.26  2404.49 1668.87

v .8 !p .19971 21543  .13486  .01068
u 256.719  160.847 818.240 2057.86
T 1268.95  1281.50 2520.55 1669.14

s 1. lrp .31539 .32856  .21252  .01068
u 282.548  222.706  841.554 2248.48
7 1680.62 1683.91  2642.82 1717.36

6 1.8 |y 45823 46222 .31042  .01068
u 309.078  295.133  867.490 2425.58
T 2134.10 2123.20 2767.77 1802.27

2 |.8 |p .62901 61354 .42942  .01068
u 333.733 376.625 895.751 2596.08
T 2580.15 2554.42 2893.28 1911.05

8 1.8 |p .83015  .78187  .56990  .01068
u 351,001 459.766 926.231 2762.23
T 2957.69  2921.41 3018.52 2028.1k4

o {.8 |Ip 1.0639 97142  .73198  .01068
u 358.307 534.353 959.035 2924.75

T 3275.66  3229.36 3143.11 2133.40

10 {.8 |p 1.3287  1.1805 .91350  .01068
u 361.549  601.776 994.260 3092.74

i-inlet DE-diffuser exit
e-nozzle exit.
Hydrogen Fuel at Tf = 300 K ---- Normal Shock Diffuser

c-combustion chamber exit

134

s




i-inlet DE-diffuser exit
e-nozzle exit.

c-combustion chamber exit

Hydrogen Fuel at Ty = 300 K ---- Isentropic Diffuser
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Table 52
' Temperature,Pressure and Velocity
At Four Ramjet Statjions
l MF MC i DE c a
' T 233.10 278.45  2104.37  2109.15
1 9 |P .01068 .01981 01043 .01068
u 306.598 48,998  858.447 843,742
' T 233.10 415.84  2192.84 1812.03
2 9 {pP .01068 .08064 04305 .01068
l u 613.197 72.664 874 .844 1609 .389
T 233.10 637.85 2315.96  1384.89
' 3 }.9 P .01068  .37822  .20631 01068
u 919.795 110.708 898.013 2131.79
| T 233.10 930.32 2468.01 1078.49
L .9 J% .01068 1.5937 .89312 .01068
u 1226.39  160.428 926.747  2473.93
' T 233.10 1282.07 2648.30 869.38
5 9 {r .01068 5.8482  3.3793 .01068
l u 1532.99 219.559 960.582 2746.91
T 233.10 1686.03 2856.12 725.96
l 6 9 |F .01068 18.9347 11.3067 .01068
u 1839.,489 286,507 _999.087 _2991.08 = |
l T 233.10 2133.37 3090.81  625.65
7 9 {Fr .01068 55.2726  34.1319 .01068
I u___2146.19  359.196 1041.90  3225,35
T 233.10 2614.16 3352.45  553.55
l 8 9 P .01068 148.475 94,7234 .01068
u 2452.79 435,125 1088.74  3458,56
T 233.10 3122.75 3642.73  500.82
l 9 .9 |r .01068 373.861 245,895 .01068
u 2759.38  512.635 1139.59  3694.67
| T 233.10  3658.82 3963.42  460.17
10 9 |F .01068 890.315 602.269 .01068
l u 3065.98  591.352 1194.33  3935,68
|
|




i~inlet DE-diffuser exit

e-nozzle exit
Hydrogen Fuel at Tf = 300 K ---- Normal Shock Diffuser

I

c-combustion chamber exit
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Table 53
Temperature,Pressure and Velocity
At Four Ramjet Stations
Mp | M i DE c e
T 233.10 278.45  2104.37 2109.15
1 9 P .01068 .01981 .01043 .01068
u 306,598 48,098 858,447 B4, 742
T 392.39 4b15.83 2181.41 1903.01
2 | .o |P .04809 .05895  .03147 .01068
u 229.388 72.836 873.185 1479.49
T 617.77 637.75 2272.47 1736.41
3 9 |P .11082 .12477 .06810 .01068
u 234.890 111.689 891.918 1829.23
T 912.59 929.90 2378.10 1671.95
f SOl I BY 19971  .21511  .12081  .01068
u 256.719  163.333 914.663  2055.15
T 1268.95 1280.82 2494 .44  1672.02
5 9 {r .31539 .32784 .19047 .01068
u 282.548 226.322 940.858 2246.17
T 1680 .62 1682.73 2616.99 1719.98
6 1.9 |p 45823 46078  .27834 .01068
u 309.078  300.223 969.983  2423.57
T 2134.10 2121.29 2741.98 1804.63
7 9 |Ir .62901 61086  .38522 .01068
u 333.733 383.648 1001.64  2594.23
T 2580.15 2551.86 2867.26 1912.92
8 1.9 P .83015  .77729 51147 .01068
u 351.001 469.147  1035.74 2760.61
T 2957.69 2918.43 2991.85 2029.62
2 19 Ip 1.0639  .96421 65709  .01068
u 358.31  S46.199  1072.33 2923.23
T 3275.66 3225.88  3115.50 2134.730 :
10 49 p 1.3287  1.16999  .82010  .01068
u 361.549 616.004 11311, .
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Table Sk

Ramjet Performance Parameters
Isentropic Diffuser, Propane Fuel Tf=230.9 k

S S Fs Fsre T th * B
.7 504 .523 4582 L0880 . SB3L

1 .8 |u488.079 L4737 .0830 L5021
.0 }478.886 .4828 Q816 25971,

.7 Q60 447 L2407 .3277 . 5964

2 8 1955.774 -2519 .3253 . 5977
.9 }953.301 2425 L3241 . 5963

.7 §11k2.34 L2024 . 5290 6559

3 .8 1138.34 .2031 . 5264 6567
.9 11136.05 .2035 . 5249 6572

.7 1177.91 .1963 6597 .7179

4 .8 117 .32 L1967 6577 L7184
.9 j1173.70 .1970 .6565 .7187

7 §11152.59 .2006 L7435 L7719

5 .8 }1150.78 .2009 L7420 7722
.9 }11149.68 .2011 L7410 7724

.7 11103.05 .2096 .7982 .8166

6 .8 {1101.73 .2096 .7969 .8168
.9 1100.94 .2100 .7962 .8169

.7 1046.26 .2210 .B348 .8528

7 .8 11045.23 .2212 .8338 .8529
9 ] 1044.61 .2213 .8331 .8530

.7 989.608 .2336 .8597 .8818

8 1.8 }os8.743 .2338 .8588 .8810
.9 1988.208 .2340 .8582 L8820

.7 1936.354 L2469 8767 .9051

9 .8 1935.611 2471 .8758 .9052
-9 1935.155 2472 8753 .9053

.7 887.012 .2606 .3873 L9240

10 .8 886.309 2609 .8864 9241
.9 {885.869 .2610 .8858 .9241]

P, - Specific Thrust (N-.s/Kg)
F .o~ Thrust Specific Fuel Consumption (Kgf/hour/N)

ﬂth' Thermodynamic Efficiency

-ﬂ o bPropulsive Efficiency
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Table

55

Ramjet Performance Parameters
Normal Shock Diffuser, Propane Fuel Tf=230.9 K

Mp | Me Fs Fsfe *] th “l p
.7 | 504.524 4582 .0880 . 5834

1 .8 1488.079 M4737 .0839 .5921
.9 }478.885 4827 .0816 .5971

.7 839.061 2755 .2697 .6313

2 1.8 1833.916 2772 .2673 .6329
.9 }830.367 2784 .2657 .6340

.7 {1852.052 .2713 .3534 .7262

3 }.8 }846.267 .2732 3501 .7278
.9 §835.765 2766 L3443 .7306

7 772.405 .2993 <3779 .8073

4 .8 767.632 .3012 <3749 .8085
9 J764.942 .3022 .3732 .8092

.7 1661.969 3493 .3656 .8718

5 §.8 |657.892 3514 .3628 .8728
.9 {655.623 .3526 .3612 .8733

.7 539.788 4283 .3251 9224

6 {.8 |]536.138 4312 23224 .9232
9 534.037 4329 .3208 .9236

.7 {411.686 . 5616 .2589 .9617

7 1.8 ]408.365 . 5662 .2563 9622
.9 Loé.484 . 5688 2547 .9626

.7 1279.639 .8268 .1679 .9899

8 1.8 {276.680 .8357 1653 .99073
.9 §274.953 8409 .1638 .9905

o7 144,966 1.5948 .0524 .9988

9 .8 ]142.197 1.6259 .0499 .9985
.9 140.611 1.6442 0484 .9984

o7 18.464 12,521 -.0773 .7910

10 .8 16.264 14.215 -.0794 .7649
.9 14.990 15.423 -.0807 <7472

F_- Specific Thrust (N.s/Kg)
Foro~ Thrust Specific Fuel Consumption (Kgf/hour/N)

*1 ¢n

~ Thermodynamic Efficiency

138 P

41 -~ Propulsive Efficiency
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Ramjet Performance Parameters

Table 56

Isentropic Diffuser, Hydrogen Fuel Tf=20 K

MF M Fs stc 'ﬂ th ol p
.7 539.510 .1959 .0856 L5475

1 .8 528.705 .1999 .0831 .5527
.9 518.721 .2038 .0808 L5526

.7 1021.51 .1035 .3160 .5615

2 .8 1022.19 .1034 .3163 .5613
.9 1025.35 .1031 .3177 . 5606

.7 1242.04 .0851 .5258 L6144

3 .8 1237.72 .0854 .5232 6152
.9 1235.24 .0856 .5217 6157

.7 1282.16 .0824 6560 .6758

4 .8 1279.41 .0826 6541 6763
.9 1277.80 .0827 .6530 L6766

.7 1254.20 0843 <7397 .7303

5 .8 1252.29 L0844 .7382 .7306
.9 1251.16 .0845 .7373 .7308

.7 1198.10 .0882 7942 7761

6 .8 1196.70 .0883 «7931 7763
.9 1195.88 .0884 7924 7765

.7 1132.27 .0933 .8306 .8140

7 .8 1131.15 L0934 .8296 .8141
.9 1130.49 .0935 .8290 8142

.7 1064.87 .0993 8547 8451

8 .8 1063.89 .0993 .8537 8452
.9 1063.29 0994 .8531 8453

.7 998.836 .1058 .8692 .8707

9 .8 | 997.877 .1059 .8682 .8700
.9 997 .320 .1060 .8677 .8709

.7 934,778 <1131 .8752 .8921

10 .8 933.641 1132 8740 .8922
.9 933.001 .1133 .8733 .8923

F - Specific Thrust (N-.s/kg)

Foro~ Thrust Specific Fuel Consumption (Kgf/hour/N)

M¢p - Thermodynamic Efficiency ”7p - Propulsive Efficiency
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Table

57

Ramjet Performance Parameters
Normal Shock Diffuser, Hydrogen Fuel T.=20 K

Mp § Mg Fs Fsfe “ th “1p
o7 539 .580 .1959 .0856 <5475

.8 ] 528.706 | .1999 .0831 . 5527

11 .91 518.813 | .2037 .0808 .5575
.7 | 890.216 | .1187 .2590 .5963

2 .8 | 891.539 .1186 .2596 . 5960
.9 | 895.660 .1180 .2613 . 5048
.7 § 938.352 .1126 .3570 .6815

3 .8 | 932.183 1134 .3538 .6830
.9 | 928.691 .1138 . 3520 .68138
7 | 862.341 1226 .3892 7613
v | .8 ] 857.235 | .1233 .3862 7624
.9 ] 854.320 1237 .3846 7631

.7 | 752.098 1405 .3875 .8260

5 1 .8 ] 747.730 A4k .3848 .8270
.9 745,281 1418 .3832 .8275
.7 | 628.834 .1681 .3608 .8782

6 .8 | 624.939 1691 .3582 .8789
.9 | 622.722 .1697 .3567 8794
.7 1 499.155 .2117 .3120 .9206

7 .8 | u95.562 .2133 3094 .9213
.9 | 493.512 2142 .3079 .9217
.7 | 365.003 .2896 2416 .9555

8 | 8| 361.777 | .2021 .2391 .9561
.9 1 359.959 22936 23722 29584

7 | 227.061 4655 .1495 .9837

9 .8 224,004 4718 1470 .9842
9 | 222.242 4756 1455 ,984L

7 1 89.332 1.813 .0387 9999

10 .8 86.921 1.216 0366 . 9999
9 85.537 1.236 0354 +9999

F - Specific Thrust (Nes/Kg)
F_¢c~ Thrust Specific Fuel Consumption (Kgf/hour/N)

"th " Thermodynamic Efficiencyu ”Ip' Propulsive Efficiency
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Table 58
Ramjet Performance Farameters

Isentropic Diffuser, Hydrogen Fuel ‘I‘f= 300 &®

MF “c Ps ]"‘sf‘(: L/ th ) P
.71 543.889 1943 L0860 L5 5l

1 81 549.736 .1923 .0880 L5427
91 559.866 .1889 .0904 . 5380

7| 1079.56 .0979 <3427 5674

21 .8 1072.50 | .0985 L339k 5491
9} 1043.44 .1013 . 3260 5561

.71 1281.20 .0825 . shol 6067

3 .8} 1277.03 .0828 . 5469 L6075
9§ 1274.59 .0829 . 54 54 .6079

71 1324.40 .0798 .6855 .6683

4 .81 1321.73 .0800 .6837 .6687
.9 1320.17 0801 .6826 .6690

7 | 1297.48 .0815 7733 .7320

5 8] 1295.65 .0816 .7718 .7233
9§ 1294.56 .0816 .7710 7235

71 1241041 .0851 .8309 .7693

6 8 { 1240.09 .0852 .8298 .7695
91 1239.31 .0853 .8291 L7696

.7 1175.46 .0899 .8700 .8076

7 B8 1 117447 .0900 .8691 .8077
.9 | 1173.85 .0900 .8685 .8078

.7 { 1108.57 0953 8974 .8390

8 .81 1107.81 0954 8967 .8391
.9 1107.31 .0855 .8962 .8391

.7 | 104L.77 1012 9173 8647

9 .8 1 1044.15 .1012 9166 .8648
9 | 1043.76 .1013 \9162 .8648

.7 1| 986.042 .1072 .9323 .8857

10 .8 | 985.574 1072 .9317 .8858
.9 985,244 +1073 9314 .8858

F,~ Specific Thrust (N-s/g)

Foro~ Thrust Specific Fuel Consumption (Kgf/hour/N)

Mth " Thermodynamic Efficiency qu- Propulsive Efficiency
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Ramjet Performance Parameters

Table

59

Normal Shock Diffuser, Hydrogen Fuel T£=300 K

¢ | Ve Fs Fsfe * tn “1p
.7 | 543.648 .1943 .0866 . 54 54

i | -8 [ 549.731 | .1923 .0880 L5427
9 } 559.857 .1888 .0904 .5380

o7 950 454 1112 2846 5798

2 .8 } 942.451 .1121 .2811 . 5820
.9 §909.733 .1162 2672 . 5909

7 972.434 .1087 3747 .6732

3 8 966 .487 .1094 3716 6746
.9 | 963.145 .1097 . 3698 6754

7 896.678 1179 4092 «7535

I .8 | 891.880 .1185 Joél L7545
.9 | 889.094 .1189 Lou7 .7552

.7 | 785.671 1345 4089 .8188

5 .8 | 781.502 1352 L4062 .8197
9 {779.125 1357 Lou7 .8202

.7 1 660.847 «1599 .3828 .8717

6 .8 | 657.207 .1608 .3803 .8725
9 | 655.136 .1613 .3789 .8729

.7 | 529.414 1996 3343 9149

7 .8 | 526.115 .2009 .3318 .9155
9 | 524.204 .2016 3304 .9159

7 393.466 .2686 .2639 «9506

8 .8 | 390.544 .27206 .2616 .9511
.9 | 388.872 .2718 .2603 .9514

.7 | 253.892 4163 1717 .9797

9 1.8 |251.238 |.s207 .1695 .9801
.9 | 249.667 4233 1682 .9803

.7 1119.521 .884:3 .0651 .9988

10 .8 | 117.558 .8991 0634 +9990
.9 }116.382 .9082 0624 +9991

F -~ Specific Thrust (N-.s/Kg)
Fgpe~ Thrust Specific Fuel Consumption (Kgf/hour/N)
Mth ~ Thermodynamic Efficiency “1p' Propulsive Efficiency

1o :-~ o - . o T
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Propane

Table 63

Areas At Three Stations For A
Ramjet With Isentropic Diffuser

(Altitude = 100000 f)

I A

(Thrust = 10000 Negtogg) -
MF Mc mair( %g) Ai (m2) ADE (mZ) Ae (m™)
1 .7 19.8207 4.0137 16.4081 15.3004
2 7 | 10.4118 1.0542 2.1340 3.4515
3 .7 8.7539 . 5908 .3859 1.7122
4 Vi 8.4896 4298 .0897 1.1268
5 7 8.6761 .3514 .0252 8482
6 .7 9.0658 .3059 .0082 .6910
Vi .7 9.5579 .2765 .0030 .5928
8 .7 10.1050 .2558 .0012 . 5277
9 .7 10.6797 .2403 .0005 .4828
10 .7 11.2738 .2283 .0002 L4539

* -

i-inlet DE-diffuser exit

146

e-nozzle exit




; I Table 64
Arsas At Three Stations For A
Hydrogen™ Ramjet With Isentropic Diffuser
' (Altitude = 100000 f)
(Thrust = 10000 Newtons)
' MF l"ﬂ‘c mair(_%g) Ai (mZ) ADE (mZ) Ao (m2)
1 o7 18.5353 3.7528 16.2188 15.2572
‘ l .7 9.7895 .9910 2.1202 3.4895
3 .7 8.0513 .543& L3747 1.6446
4 o7 7.7993 . 3948 .0868 1.0694
5 .7 7.9732 .3229 0244 L7945
6 .7 8.3465 .2816 .0080 .6396
7 o7 8.8318 .2555 .0029 . 5439
8 .7 9.3908 2377 .0012 4832
9 .7 10.0117 2252 .0005 4483
E 10 }{.7 10.6977 2166 .0002 4358
;
} i-inlet OE-diffuser exit e-nozzle exit
»*
Tf= 20 K
L . 147

mem—.



Table 65

Areas At Four Stations For A
Hydrogen’ Ramjet With Isentropic Diffuser
(Altitude = 100000 f)
(Thrust = 10000 Newtons)

. Kg
Mg M mair( s ) Ay (m2) Apg (mz) Ag (m2)
1 .7 18.3861 3.7226 15.6832 15.4182
2 .7 9.2630 ‘9377 1.9571 3.2465
3 7 7.8052 . 5268 3546 1.6193
by 7 7.5506 .3822 .0821 1.0524
5 Vi 7.7073 3121 .0230 7804
6 .7 8.0554 2718 .0075 .6258
7 .7 8.5073 2461 .0027 . 5284
8 .7 9.0206 .2283 .0011 L624
9 .7 9.5715 .2153 .0005 4157
10 7 10.1412 .2053 .0002 . 3801

i-inlet DE-diffuser exit e-nozgzle exit

» .
Tf = 300 K

148
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Table 66

Ramjet Overall Efficiencies,47
For Three Fuels
Isentropic Liffuser, Altitude = 100000 f

O!

PSS,

we | me | RISk MY em360 K Te530.9 K
1§ .7 0471 0475 .0520
2 § .7 .1783 .1884 .1978
3 7 .3252 <3355 .3529
4 .7 476 L6248 4852
5 .7 5473 5662 +5935
6 .7 L6274 .6501 6816
7 | .7 6917 .7181 7542
8 |.7 7435 7740 .8153
9 .7 L7846 .8206 .8679
10 }.7 .8158 .8606 9135 A
{
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Table 67
Ramjet Overall Efficiencies.440.
For Three Fuels
Normal Shock Diffuser, Altitude = 100000 f

M Hydrogen Hydrogen Propane
¢ T£=20 K T£=300 K T£=230.9 K
.7 0471 0475 .0520 »
i}
l? 01554 01659 01728 . :
t M
7 L2457 .2546 .2632 }
.7 .3010 .3130 .3182 ]
.7 .3282 3429 . 3409 O]
i :
.7 .3293 3461 .3335 :
%
1
.7 . 3049 .3234 .2968 B
(
.7 .2548 2747 .2304 i
.7 .1784 .1994 1344 1
.7 .0780 .1043 .0190
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Figure 2
SAMPLE DATA PEQOTOGRAPHS

'}02+H2+He
Position # 12

initial

50 microsec./cm, (hor.)
.5 volts/cm. (ver.)

2 mv/pecb

Wave Speed = 3702 m/s

Wave pressure = 53.76 Atm.

% o2 + Hy, + N,
Position #8

P = 2 Atmc
initial

20 microsec./cm. (hor,)
1 volt/cm. (ver.)

2 mv/pcd

Wave Speed = 2703 m/s

Wave Pressure = 48 Atm,

155




Figure 3

156

SAMPLE DATA PHOTOGRAPHS

20 +H + Ar
2 2

Position # 8

P = 05 Atmo
initial

50 microsec./cm. (hor.)
2 volts/cm. (ver.)

20 mv/peb

Wave Speed = 2696 m/s

Wave Pressure = 21.42 Atm,

20, + H, + He
Position # 13

P = 2 Atm,
initial

50 microsec./cm. (hor.)
1 volt/cm., (ver.)

2 mv/pchb

Wave Speed = 2998 m/s

Wave Pressure = 75.94 Atm,

( Note additional jump
in second trace due to
reflected wave from end
of tube.)




Figure &4
Wave Velocity Vs.
Distance From Ignitor
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Figure 5
Wave Pressure Vs.
Distance From Ignitor
4 0, + Hy + co,

P, = .5 Atm. T1=300K
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Figure 6
Wave Velocity Vs.
‘ Distance From Ignitor
3 0, + H, + & CO,
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Figure 7
Wave Pressure Vs.
Distance From Ignitor
 : 02 + H2 + 002

0 + P, = 1 Atm. T, = 300 K
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Wave g}u loclty v

S

Distance From I jtor
30,4 Hz coz
3000 — P, = 2 Atn. = 300 K
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Figure 9
Wave Pressure Vs.
Distance From Ignitor

20, +H, + # CO,

50-1- Pi = 2 Atm, T1 = 300 K
QS-L
Lo+
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Wavgi%i%ci%y Vs.
Distance From Ignitor
30, v Hy + Ny
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Figure

11

Wave Pressure Vs.
Distance From Ignitor
£ 0, v+ Hy + Ny
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Figure 12

Wave Velocity Vs.
Distance From Ignitor

30, +H, + Ny
P, = 1Atm. T, = 300 K
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Figure 13
Wave Pressure Vs.
Distance From Ignitor
3 0, + Hy + N,
P =1 Atnm. T1=300K
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Figure 14
Wave Pressures Vs.

Distance From Ignitor
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Figure 15
Wave Velocity Vs.
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Pigure 16
Wave Yelocity Vs.
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Figure 17

Wave Pressure Vs.
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Figure 18

Wave Velocity Vs.
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Figure 19

Wave Pressure Vs.
Distance From Ignitor

»}02+H2+He

150 T P, = 1 Atm. Ty = 300K
135 4
120 4=
105 g
o
o
o
90 ==
p3 fo)
( Atm. o
75 &
o
60 °©
T g o
0
6
Ls T+
Q
30 4+ ©
15 .- (o]
o
)
1 1 \ 1 L 1 )
0 3 T 1 5 L ] ¥ 1
i 2 L 5 7
Distance From Ignitor
( meters )
172
—— W ‘




Figure 20
Wave Velocity Vs.
' Distance From Ignitor
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Figure 21
Wave Pressure Vs.
Distance From Ignitor
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Figure 22
Wave Velocity Vs.
Distance From Ignitor
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Figure 23 i
Wave Pressure VS.
Distance From Ignitor
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Figure 24
Wave Velocity Vs.
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Figure 25

Wave Pressure Vs.
Distance From Ignitor
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Figure 26

Wave Velocity Vs.
Distance From Ignitor
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Figure 27 l i
Wave Pressure Vs. :
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Initial Temp.= o° ¢ Initial Temp.= Room

Initial Temp.= =50 to -100° ¢ Initial Temp.= -100 to
- 150 °oC

Figure 28

Flame Photographs
30 % Hydrogen In Air

Flow Speed = 225 cc/s
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Figure 29a
Entropy - Enthalpy Diagram .
0f A Ramjet Diffuser 1
With Shock - Free Inlet
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Figure 29b
Entropy - Enthalpy Diagram
Of A Ramjet Diffuser
With Normal Shock At Inlet
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Figure 31
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